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(54) Title: MAGNETIC CORE METHOD FOR PRODUCTION THEREOF AND EARTH LEAKAGE CIRCUIT BREAKER

(54) Bezeichnung: MAGNETKERN, VERFAHREN ZU SEINER HERSTELLUNG SOWIE FEHLERSTROMSCHUTZCHAL-
TER

(57) Abstract: The invention relates to a magnetic core made from a wound soft magnetic strip, for low frequency applications
designed to have an increased relative permeability jr by means of reduced mechanical tensions. The above is achieved by means of
coating at least one side of the soft magnetic strip with a static friction reducing material which is partly bumt of during the thermal
treatment of the magnetic core. The residue thereof remains such that in cross-section the magnetic core has an alternating layer of
soft magnetic material and a layer of residue of a static friction reducing material.
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(57) Zusammenfassung; Bin aus einem weichmagnetischen Band gewickelter Magnetkern fur Niedetfrequenzan- wendungen soil
eine durch die Reduktion von mechanischen Spannungen erhohte Permeabilitatszaht pr aufweisen. Dazn wird das weichmagneti-
sche Band auf mindestens ciner Seite mit einem haftreibungsreduzierenden Material beschichtet, dass bei der Warmebehandlung
des Magnetkerns teilweise abbrennt. Zuriick bleibt sein Glithriickstand, so dass sich im Querschutt des Magnetkems jeweils eine
Schicht aus dem weichmagnetischem Material und eine Schicht aus dem Glithriickstand eines haftreibungsreduzierenden Materials
& abwechseln.
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(74) Anwalt: SCHWEI GER, Martin; | Coleman Street des and Abbreviations) am
Anfang j eder regul aren Ausgabe der #08-04, The Adel phi, Singapore 179803
(SG. PCr-CGazette verw esen. (54) Title: MAGNETI C CORE METHOD FOR
PRODUCTI ON TMEREOROARBTEARTH LEAKAGE Cl RCUI T BREAKER (54) Bezei chnung:
MAGNETKERN, VERFAHREN ZU SEI NER HERSTELLUNG SOW E FEHLERSTROVECHUTZCHAL-
TER (57) Abstract: The invention relates to a magnetic core made froma
wound soft nRgmeriiptsenip, for |ow frequency applications designed to have
an increased relative perneability pr by neans of reduced nechani cal

tensi ons. The above is achieved by neans of coating at |east one side of
the soft magmeghetstbirp, Wokbcasst @bircptbdatiag eenaghay ocatreraad which is
partly burnt of during the thermal treatnment of the nagnetic core. The
resi due t her 86F1FBki FYTEGBR FRYLCPn cross-section the magnetic core has an
alternatifg layer of soft magnetic nmaterial and a layer of residue of a
static friction reducing material. (57) Zusamenfassung: Ein aus ei nem

wei chmagnet i §tkennBantigewrekekeer thhgneokaeh fareNfedeipwequenzan-
wendungen soil eine durc .dig.RedukéLoH von neggagkgghgnsﬁggnnungen
erhohte Per medGAPPPGY sZRRITFLGPRE ¥BAC D7 UM hd dAS™wéi @Riagneti - sche
Band auf m ndaghensceknerpSeirtealsb eenafebatbr ai pusgesedaaier enden

Mat eri al beschichtet, dass bei der \Warnebehandl ung des_Magnetkers tei

vei se abbr enProdzgingcRushebbiagerh GPKPhr BREkSt ARE1I881d858 8NEN im

Cperschn}é d%%vyggn%%%ﬁng hgggikscé%ge Schi cht aus dem wei chmagneti schem
i chi aus dem Qi

Mat eri al “and “ei ne Schi cht e I'ihriickstand ei nes
haf t r ei bungsr eduzi erenden Materials N abwechseln. N ~--t N O VCS 050 PCT

Description _Magnet core, process faor pradyci ng a nmagnet_core an esi dual
current devi &89 §tTHQrFﬁv8ﬁﬂPgnaF§Ig?ﬁgego¥50Wa8néplg8$éw?8p I@ﬁga requency

appl i cations gwhisgh k3-waunddf regraisafit stragnebiresstrbpe Liked| seokel ates to
a process for producing such a magnet core, and a residual current 10

devi ce with axanglder dor eurVeghetressESrRIrceh PEPHSr FEANFEBRINGT S
spiral -wpynd etal, . sHibRns30eGhbide LREBLERL:SH LRoREESS resdhfatised, for
current limiters, storage chokes, single-circuit
chokes, transductor chokes and sum or differential
current transformers for‘FI—safety switches. As such,
they are used in the low frequency range at typical
20 operating frequencies of 50 to 60 Hz and at least below
the kilohertz range. Unlike magnet cores used in high
frequency applications, no particular attention need be
paid to insulating the individual strip layers against
one another to avoid eddy currents, since at low
25 frequencies the voltage between the individual strip
layers is typically less than 100 pV. At this voltage
the intrinsic oxide layer on the strip surfaces is

generally adequate for insulation.

30 However, the demands placed on magnet cores for low
frequency applications in terms of magnetic properties
are high: fault current transformers for a.c.-sensitive
residual current devices, for example, must provide a

secondary voltage which is at least sufficient to



exanple, in current transforners, output transformers, 15
current-conpensat ed noi se suppression chokes, residual current limters,
storage chokes, single-circuit chokes, transductor chokes and sum or

di fferential vCgubbenPCTransfornmers for Fl-safety switches. As such, they
are used in the | ow frequency range at typical 20 operating frequencies of
50 to 60 Hz and at |east below the kil@hertz range. Unlike nagnet cores
used in high frequency applications, no particular attention need be paid
to insulating the individual strip |ayers against one another to avoid
eddy current 5T1ggpEetAE PRUNSE FYehEBnef ekREnEC VDR FAgESHRY ween t he

i ndividual Stpiponbayecsche Lypioaklysiess thanodPlcivelsthbs vol tage
the intrinsic oxfde ayer on the strip surfaces is generally adequate for
i nsul ati on. 36hHewevehe mbetdeompdstpbacednont nagpeorver edesovyn| ow

frequency applications in terns of .nmgnetic, properti are high: fault
current trang?ﬁﬁﬁéig'faF Eggi-gﬁné?g véndnggﬁﬁa?£cE$§eE¥p %%#ces, f or
exanpl e, gustopravifg arc§aenndasy vol Hagetwbiohicésial Least fsuftheient to

VCS 050 PCT 2 trigger the magnet system of the release relay _responsible
for cut-off.m8gnee chscobjatt phevesatd havni ehe PhehfadEtPedRPELE current

transf or mer ggfggﬁvep$§§%9§§?l?§g“ﬁ%{éﬁ?@J&éﬂh&ﬂ?y"gf‘¥héﬂm§§ﬁé5ypiCa' 5

operating frequency o used f'or the nagnet core mnust
above all haverthethegliestopesbebl eithethei metpeiakaprbbeyties The geonetry

of the nmagnet core itself, together with the material operties conbined
with the ?ecﬁﬁﬁpbﬁ?éawlﬁkoﬁggsgﬁ§E8?lPﬁécig ﬂﬁ?g??ﬁi?gbg%nggﬁslof heat |

treatnrentg fQRL-E%2AR! epyNRA¥Ens of heat treatment, for example, have

a significant effect on relative permeability.

In order to reach sufficiently high relative
permeability values it was hitherto necessary to

15 achieve the lowest possible saturation magnetostriction
constant As of |As| < 2ppm or even < 0.3ppm. A further
important prerequisite was to achieve the most
geometrically perfect strips possible with the minimum
number of structural defects. However, such a small

20 saturation magnetostriction constant As can only be
achieved easily with a few alloys and, in addition, it
is almost impossible to achieve an exact alloy
composition without impurities in industrial-scale
production.

25

It would however be possible to achieve high relative
permeability with numerous other alloy compositions if
the magnet core were free of mechanical stresses.
Mechanical stresses may be introduced into the magnet
30 core as it is wound from one or more strips and/or in
the case of subsequent heat treatment. The relationship

between the freedom from stress of the magnet core and



a significant effect on relative perneability. In order to reach
sufficiently high relative perneability values it was hitherto necessary
to 15 achieve the | owest possible saturation nagnetostriction constant As
of IASI < 2ppEPoPoevBAT< 0.3ppm A further inportant prerequisite was to
achieve the nost geonetrically perfect strips possible with the m ni num
nunber of structural defects. However, sSuch a small 20 saturation

magnet ostriction constant As can only be achieved easily with a few all oys
and, in addition, it is alnost infossible to achigve an_exact all oy
conposi ti on #tERotELRRPURI PRERSRRL L hbUst Fi BFLELANE b?ogac§?6n. 25 1t woul d
however be pesskibke tgraghigyechigh relative permeability w th numerous
other alloy conpositions if "the magnet core were free of nechani cal
stresses. Mechanical stresses may be introduced into the nagnet 30 core as

it is wound o] e,stri Lor | e S uent heat
treat nent. Tﬁé 2@?5?9%%%2?% Age?ﬁgé%gggé %r%gggéng§%1g??%géHgiﬁghe magnet
core and 3/CSs@%8sFe3 3ntbi ghripl abir¥e peragespetityci saneati bnedrdarJP 63-

115313, for exanple. US 2005/0221126 Al di scl oses a _nethod for _introducing
5 stresses i APolBPEPPecbPBSTRANGtiFeRFPPE FaffePTi ALHFBer°TEd fiiprove the

magnetic pro I 88 .08festli BBt estiOhs . high frequency applications. The
obj ect of th§§éhvensgoﬁ %g tﬁgregore tg specify a 10 nagnet core wound
froma soft magnetic strip for low frequency applications with a relative

perneabllltyTRe object of the invention is therefore to specify a
10 magnet core wound from a soft magnetic strip for low
frequency applications with a relative permeability n

increased by the reduction of mechanical stresses.

A further object of the invention is to specify a

15 process for producing such a magnet core.

This object is achieved in the invention by means of a
magnet core for low frequency applications consisting
of a spiral-wound, soft magnetic strip, said soft

20 magnetic strip having on at least one side a layer made
of the ignition residue of a static-friction-reducing
material such that layers of the soft magnetic material
and layers of the ignition residue of a static-
friction-reducing material alternate through the cross-

25 section of the magnet core.

The invention is based on the knowledge that mechanical

stresses introduced during the winding of the magnet

core or its subsequent heat treatment are caused by the
30 fact that the shape of the soft magnetic strip is not

ideal. Such variations from an ideal shape are twofold:



i ncreased by the reduction of nechanical stresses. A further object of the
invention is to specify a 15 process for producing such a magnet core.
This object is achieved in the invention by neans of a nagnet core for |ow
frequency apPfFPclPPoRSTconsisting of a spiral-wound, soft magnetic strip,
said soft 20 nmagnetic strip having on at |east one side a | ayer made of
the ignition residue of a static-frictién-reducing mat eri al such that
| ayers of the soft magnetic material and |ayers of the ignition residue of
a static- frictiog-re cina ﬁateri?ltglterg te thrgugh éhe crossogS section
of the magnefl&8FeY  ThESi AVEAPFENCt s BEsBa bt HB khowPelgR that “rechani cal
stresses intrgdyced dwpbeg,thetwpBedbagsel bhecragnat suedkeeor its
subsequent heat treatment are caused by the 30 fact that the shape of the
soft magneti cowghhpses RbE sh@éare SqeBhpaprFavPshs8St VéRP 4R FBBal shape are
t wof ol d: VCSngQOECIné ghE§E£¥1etanégrgﬁﬁeigfs?gieéQfEOHEQQEBEﬁ strip 1s
not ideally Sibot h, ut’ possesses a certain surface roughness. The
surface rpuglinessuvatioas dutrhhg the intdosbriahdsnahe- mealifarange ahd is
subject to certain 5 fluctuations during %he i nd str'al<%calg.nanufacture
of the strip8&ShytEaBei RY GePRYEnBSEABI G Sof PBI i§8tLi18F1 1hPot88s. It
varies both,E%bW%%@.l@@lvb@g@g,ge%hlegtweehcmﬁaiemauauteagt@ngnngle bat ch
due to casting wheel wear during production. Ideally, surface roughness Ra
10 as defi netaitehBsNaad6/irBtn4287Lnglaehsucbddas thecaaripanERPeal nean of
the two strip sides (Ral+Ra2)/strip hi es
approxinatelgefﬁaguf BﬁcEFPépC%6&EVeF?eF§§ Oagﬁgggggﬂ?égéghggé Eétmeen 2%
10 as defined in DIN 4762/ISO 4287/1, measured as the

arithmetical mean of the two strip sides (Raj;+Ra)/strip
thickness, assumes values of approximately 1%.
Typically, however, the values achieved are between 2%

and 6%, and in some cases as high as approximately 15%.

15
Secondly, rather than achieving ideal strip geometry
with exactly plane-parallel surfaces industrial-scale
manufacture produces variations from this geometry in
the form of bulges and/or wedge or bone shapes.

20

The consequences of these variations from ideal strip
shape are local or whole-layer tensions in the magnet
core created during the winding process by local or
surface fluctuations in the thickness and surface

25 roughness of the individual strip layers. At the same
time, geometrical surface defects lead to the
interlocking of the strip layers, thereby preventing
the relief of mechanical stresses in the magnet core
during heat treatment. The almost ubiquitous

30 combination of surface roughness and structural defects
over large surface areas leads to particularly high

surface pressures at the points where the strip layers



and 6% and in sone cases as high as approximately 15% 15 Secondl vy,

rat her than achieving ideal strip geonetry wth exactly plane-parall el
surfaces industrial-scale manufacture produces variations fromthis
geonetry in VE€ReOPOr ACBf bul ges and/ or wedge or bone shapes. 20 The
consequences of these variations fromideal strip shape are |ocal or
whol e-1 ayer tensions in the magnet coré@ created during the w nding process
by local or surface fluctuations in the thickness and surface 25 roughness

of the individual strip layers. At the sane _t{ipe,_ geonetrical surface
defects IeadtPBCPheanﬁnFBPFoERiH@rB¥CP%%r%Yrhbgpayégg?ffﬁ5?55§ preventing

the relief o rﬁsgﬁéﬂlCQ eSLLEBRES FliAqLNEnPRINSL 1§01 8nsHUpI Ng heat
treatnment. The al nbst ubiquitous 30 conbination of surface roughness and

structural defects over large surface areas leads to particularly high
surface pressures at the points where the_ strip layers VCS 050 PCT 5
touch, and thus to particularly high bncAL_static friction. Due to the
fundamental relationship 1 r " 5 gétm&gn‘relative perneability '1r,
saturation nmagnetostriction constant As and nechanical stress o, if the
saturati oh magnetostriction constant is not sufficiently small such

distortions |ead.Lq i0adeqyat Belfeandivigely, sprGadh¢ £hative permeability

val ues.
magnetostriction constant As and mechanical stress o, if

the saturation magnetostriction constant is not
sufficiently small such distortions lead to inadequate

10 and widely spread relative permeability values.

One fundamental concept of the invention is to
compensate for micro- and nano-scale variations from
ideal geometry leading to the interlocking of the strip

15 layers and thus to distortions in the magnet core by
the introduction of a static-friction-reducing material
between the individual strip layers. This may be
carried out either before or after the magnet core is
wound, but should take place prior to heat treatment.

20 Following heat treatment at least the ignition residue
of the static-friction-reducing material remains in the
magnet core, whilst at least as long as the duration of
the heat treatment is sufficient any loss on ignition
is consumed.

25
The magnet core disclosed in the invention is subjected
to heat treatment at temperatures typically below
600°C. Adsorptively or chemically bound water and,
where, applicable other solvents are lost at these

30 temperatures, although typically not all the organic
component of the static-friction-reducing material is

consumed. For this reason, the term 'ignition residue'



One fundanental concept of the invention is to conpensate for mcro- and
nano-scal e variations from ideal geonetry leading to the interl ocking of
the strip 15 layers and thus to distortions in the magnet core by the

i ntroductionVef 858t &Ec-friction-reducing material between the individual
strip layers. This may be <carried out either before or after the magnet
core is wound, but should take place pﬁ or to heat treatnent. 20 Foll ow ng
heat treatnment at |least the ignition residue of the

static-friction-reducing material remains in_the magnet caqr whi | st at
| east as | ondSa¥SEHel8tHFatRENPELOYt he ﬁ@g?rtFQaFﬂﬁﬁt8F§ sﬁgfgéﬁent any | oss

on ignition . is.¢e0sYRERH:22rERBNBYNRLLERES1d(iAELASREmhAnEhBetR¥EAt i ON 'S
subjected to heat treatnment at tenperatures typically bel ow 600C
Adsor ptivel ytbe shempcablgrbofndlenieg hadt twherwenipplicabl BO6t her

solvents are_lost _.at these 30.te at ur I ically not all the
organi c conpShSEFf8FetHSC§FSFFéE p?%@'oﬁ}géaﬁgi%ggﬁg?8r¥§F is consumed.
For this geason, the term'ignition residue’ VCS 050 PCT 6 is used here
and below to refer to that part of the static-friction-reducing material

whi ch renai n§hBemageRt ERESsHASELPaGEr 40f 6PPoWINE RS PR8afment. It is not

therefore ne Ly L | subst angesoo 5< The dragnetoozor edi scl osed
in the invent(:iiggézE g% 5g9#§F§P?SE§ngﬁ£§biliiy Pr &? 400, 060 < Pr < 800, 000.

In the past thechabkitgbucel atiighe rpértesbi betrpevblilés ywepduegcheseed by t he

use of nagne%% E%b%%l%Q_E%%euggt%%l%g%hetostriction—free materials.

10 This considerably reduced the number of suitable
alloys. The magnet core disclosed in the invention
offers the advantage that it is possible to relieve
mechanical stresses and thus achieve a high relative
permeability value with other non-magnetostriction-free

15 alloys by the use of a static-friction-reducing
material which exercises a lubricating effect on the
individual strip layers during heat treatment. Such
alloys can thus also be used in the low frequency
applications descried above.

20
The particles of the static-friction-reducing material
advantageously have a particle diameter dp of less than
500 nm. Here the particle diameter dp refers to the
maximum diameter of a particle since the static-

25 friction-reducing particles are not necessarily
spherical, but can also be cylindrical or flake-shaped,
for example. Particles with diameters over 500 nm tend
towards the formation of agglomerates and can form
irregularly shaped, sintered bodies which render the

30 lubricating effect of the static-friction-reducing
material required to achieve a high relative

permeability ineffective.



10 This considerably reduced the nunber of suitable alloys. The nmagnet
core disclosed in the invention offers the advantage that it is possible
to relieve nechanical stresses and thus achieve a high relative

per meabi | i t yVeal AeOWPEH ot her non-magnetostriction-free 15 alloys by the
use of a static-friction-reducing material which exercises a |lubricating
effect on the individual strip layers during heat treatnment. Such alloys
can thus also be used in the | ow frequency applications descried above. 20
The particles of the static-frictionjreducing naterigl agvaﬂtageously have
a particle difBnmBherdypnbprIreds eRAAIIBEBENAICHRRELLRESPaPti '8 di ameter dp

refers to th@tagﬁéL?EﬁbgFéﬂekéﬁueﬁna Rattiche ahpeephbeistatic 25
friction-reducing particles are not "necessarily spﬁerlcal, but can al so be

cylindrical diaficakessHapes]ow f@? mxanmy eafartibiesovidrabbanet ers over

500 nmtend towards the formatian,af aggl operates.and can formirregularly
shaped, sintBFégqﬁgaigéaWﬁggﬁsr8gda§ Pﬁegr3gg agfigg%ﬁnége? g%g%%f t he
StatiC-frictb@ne&gdwﬁhaﬁtsﬁﬁheéiahowQQUBr@édh@tachi@Mesaabﬁgh rel ative

pernmeability ineffective. VCS 050 PCT 7 |In an advantageous enbodi nent the
particles of frhetienarreufringt péhcFEdGeNngenaPepriPdhiyempRrEFifres

giameters dphel.aw,88.,mhol AnPat gULa1pRLE! ehablyorBar phetecdbameter s of

20 nm or bel ow. S is because, as experinments have shown, a reduction

in static- fmrithi adamedecksngreftfect tban Bé ohsehveddf nom bartbefle sizes
ve 20 nm |[f i bl I

above 20 whergoggrgighlgg?geggg ’rg?g H%ge%agnet core

10 permeability is required.

The finished magnet core, i.e. the magnet core
following completion of the heat treatment, typically
has a nano-crystalline soft magnetic strip. However,

15 both amorphous and crystalline strips are also
conceivable depending on the intended use of the magnet

core.

A number of different alloy compositions can

20 conceivably be used for the magnet core disclosed in
the invention. Since it is not necessary to eliminate
the saturation magnetostriction constant, common iron-
based alloys can be used, and even residual impurities
which cannot generally be avoided completely can be

25 tolerated without any undesirable effect on magnetic

properties.

In one embodiment of the invention the alloy

composition of the soft magnetic strip is essentially
30 as follows:

Fe,CopCucSigBeMs,

M being at least one of the elements V, Nb, Ta, Ti, Mo,

W, Zr and Hf; a, b, ¢, d, e and f being specified in



wi th diameters greater than 20 nm shoul d not be used where particularly
high relative magnet core 10 perneability is required. The finished nmagnet
core, i.e. the magnet core follow ng conpletion of the heat treatnent,
typically h¥%SSa0p@nBCErystalline soft magnetic strip. However, 15 both
anor phous and crystalline strips are also conceivable depending on the

i ntended use of the magnet core. A nunBer of different all oy conpositions
can 20 conceivably be used for the magnet core disclosed in the invention.
Since it is not necessary to elimnate, .th afuratign ngtQsiriction
const ant , coﬁﬁﬁﬁePFoﬁgrbéggﬂ;aél%}E %a%obegu e%,ca%dgévgggr%sgd%al
inmpurities yhich cagnatigeneral Fy<bg; ayoided>coppl gtely cas bed25
tolerated wi thout any undesirable effect on nmagnetic_ properties. In one
enbodi nent of thé FniAtapd ihebaineyrossipdsi EPorcBiaEheCebRLmgnetic
strip is essentiall I - bCUcSi dBeM, M being at |east one
of the eleneﬁggi®¥ %ﬁ,S$5?§?§?§h§§snb§ﬁggpand Hf; a, b, ¢, d, e and f being
specified in VCS 050 PCT 8 percent per atom 0 < b <- 20; 0.5 -< ¢ <- 2
6.5 -<d<- 18, 5-<e<-14; 1 < f < 6;, d+e >16; a+b+c.+d+ e +
f = 100 and FhepérAy pBSEFHPRCELOPRPI AE82cOart TRFoMAYIST FR4Ei 4y by

ni ckel. 5 Thg.kfQRyCHLYSEnseebANRL: area AFe of the magnet core is defined
by the formula:

= 25,
10
where D, is the external diameter of the magnet core, D;i
is its internal diameter, h is the width of the strip
and n the fill factor 0% < n £ 100%, n > 40% being
typical of magnet cbres.
15

Spaces between the strip layers which necessarily

result from the non-ideal strip geometry reduce the

iron cross—-sectional area Ap. of the magnet core. To a

certain extent the fill factor represents a measure of
20 the degree of variation in the strip from an ideal,

plane-parallel sheet.

In one embodiment after heat treatment the magnet core
has a fill factor n of more than 80%, whilst in
25 alternative embodiments the fill factor is 70% < n <

80% or 65% < n < 70%.

The effective surface roughness RT of the strip is

advantageously 1% £ RT < 12%, and more advantageously
30 1% £ RT £ 6% or even 1% < RT £ 4%. The saturation

magnetostriction constant As of the magnet core is

advantageously less than 6 ppm and the ratio of



AFe=DQ- D hrl 2 10 where Da is the external dianmeter of the magnet
core, DI is its internal diameter, his the width of the strip and q the
fill factor 0% <- r~ <- 100% q > 40% being typical of magnet cores. 15
Spaces bet we&QSt R8OsPFIp | ayers which necessarily result fromthe '
non-ideal strip geonmetry reduce the iron cross-sectional area AFe of the
magnet core. To a certain extent the fidl factor represents a neasure of
20 the degree of variation in the strip froman ideal, plane-parallel
sheet. In one enbodi nent after heat treatnent the nmagnet core, has a fill
factor q of FSRENERER 8DIPCHAPPSEO] ﬁa’EBIQFE‘-QPnéPg%tgﬂBOBF ments the fill
factor is 70%g,¢bh +8A% Qpg65% < rl <- 70% The effective surface
roughness RTof the strip is advantageously 1% <- RT <- 12% and nore
advant ageously 30 1% < RT <_ 6% or even 1% RT <_ 4% The saturation
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saturation i pdyekiaenBR Badustigheabesathant46% ihduoneoanbadinent of the
i nvention the magnet core has 5 a remanence induction to sat#rati on
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it is 30%< BRI BY $398Q%:0y80%g5s BR Bpe<< R(Ym Mtejials suitable for use
as static-friction-reducing

Materials suitable for use as static-friction-reducing

10 materials are those which can be applied easily, by
spraying, rolling or deposition from a solution or gas
phase or by solid particle deposition from a
suspension, for example, and which reduce the static
friction between the individual strip layers and in

15 this manner generate a lubricating effect as the
magnetic core is wound and during the relief of
mechanical stresses during the subsequent heat
treatment. However, there are also other requirements
which a suitable static-friction-reducing material must

20 meet. For example, where possible the material should
not form film-like, tension-creating layers or generate
tension-creating corrosion layers as is the case, for
example, with aluminium silicate, lithium silicate and
magnesium oxide coatings applied from an aqueous

25 solution. In addition, the static-friction-reducing
material should neither trigger undesirable surface
reactions or diffusion processes within the strip,

generate tension-creating shrinking effects.

30 Suitable static-friction-reducing materials include the
following: nanodispersed SiO, which is commercially
available under the name of 'Aerosil' or 'HDK' and has

a similar thermal coefficient of expansion to the



10 materials are those which can be applied easily, by

spraying, rolling

or deposition froma solution or gas phase or by solid particle deposition
froma suspension, for exanple, and which reduce the static friction

bet ween t he wadi 0bAQuaCTstrip |ayers and in 15 this nanner generate a

| ubricating effect as the magnetic core is wound and during the relief of
mechani cal stresses during the subsequeh® heat treatnent. However, there
are al so other requirenments which a suitable static-friction- reducing
material nust 20 neet. For exanple, where possible the naterlal shoul d
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Si2 which is commercially avail abl e under the nane of

"Aerosil' or 'HDK

and has a simlar thernmal coefficient of expansion to the VCS 050 PCT 10
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*magnetic

propert|§§ OEr%n51tlon metals, although these layers do not have

any static-friction-reducing effect. Their effect is

due to the loosening of the magnet core when fully or

partially consumed during heat treatment. They are

therefore suitable for use as additives to the static-

15 friction-reducing material, for example. Zirconium

propylate, aluminium butylate or a magnesium methoxide

solution, for example, are suitable additives, as is

boron nitride.

20 One process disclosed in the invention for producing a

magnet core for low frequency applications comprises at

least the following steps: an amorphous, soft magnetic

strip, which may be manufactured using the rapid

solidification process, for example, is provided and

25 coated with a static—friction-reducing material. The

strip is then wound into a magnet core, typically a

toroidal strip core, and the magnet core is subject to

heat treatment in order to impart the desired magnetic

properties, the static-friction-reducing material

30 exercising a lubricating effect on the strip and

enabling the individual strip layers to slide over one

another more easily. Alternatively, it is possible to

carry out the coating process after the strip has been



magnet core with a coating of alkylates of nmetals or 10 transition

al t hough these |l ayers do not have any static-friction-reducing eff
Their effect is due to the |oosening of the nmagnet core when fully
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stresses generally continue to occur as before.

In the second version of the process, however, the
static-friction-reducing material considerably
facilitates the relief of mechanical stresses from the
magnet core during heat treatment and therefore this
version of the process also provides a magnet core

which is largely free of mechanical stresses.

The process disclosed in the invention therefore
provides at least two mechanisms for stress relief
which can be used individually or in combination. These
are, firstly, the loosening of the core due to the at
least partial consumption of the static-friction-
reducing material during heat treatment which gives the
core sufficient freedom for the relief of stresses,
and, secondly, a lubricating effect between the strip
layers which is produced by the rolling or sliding
properties of spherical, cylindrical or flake-shaped
particles or entire layers. Here, at the temperatures
occurring during heat treatment which do not exceed
600°C, the lubricating effect in particular plays a
significant role, while loosening due to consumption is

relatively weak. This is due to the fact that at these

t core,
g, for

e a high
es



occurring during winding using traditional processes are avoided fromthe
outset, in the second these 10 stresses generally continue to occur as
before. In the second version of the process, however, the
static-frictVeR-PeAuEFRg material considerably facilitates the relief of
mechani cal stresses fromthe 15 magnet core during heat treatnent and
therefore this version of the process ¥so provi des a magnet core which
is largely free of mechanical stresses. The process disclosed in the
i nvention thergfone 20_provi des a% | east, two nmechani.sns for stress relief
Vi SH 18 vgr
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| ooseni ng of sbheeaeLeydient asthgeatroheant pBektialreonsusptireaueinghe
static-friction- (edu0|ng material during heat treatnment which gives the 25
core suffici eatefrieédonhfiée the peppeicofonpprsBEsis BAH, 9seesAdLY, a

| ubricating egfeg%tgﬁ&w%gg hﬁgdstrip | ayers which is produced by the
rolling or s |§'ng p operﬁles of spherical, cylindrical or flake-shaped

particlessor entire |ayers. Here, at the tenperatures 30 occurring during
heat treatnent which do not exceed. 600C, . the Iubricatig effgc% in
particul ar pﬁéﬁsPé°?§§§nﬁﬂ§€éﬁﬁeﬁoP€,tRﬁiFEV?BE%QHiﬁand g 8 CohSunption is
relatively weakoJhi § h9sdueckast barbackithat ah theseo¥eSo85anPET 12

relatively |ow tenperatures it is primarily water or solvents which escape
from the st atlioopf pirctinonheedociingt Aafer al, Ruhppe -t HeWevgsni E1B86Rponent s

?gbegf?gLaL;ﬁtbgggggg%ggxl%o%EgnﬁglongQEiBﬁoggﬁﬁeggéckﬂéegibﬂegge
10 permeability values, the magnet core must be of
particularly stress-free design in order to avoid
damaging anisotropisms. In order to achieve an R-loop,
the heat treatment is advantageously carried out field-
free, i.e. in the absence of a magnetic field strong
15 enough to have an adverse effect on the magnetic

properties of the magnet core, and at a temperature T

of 505°C £ T < 600°C.

The static-friction-reducing material can be applied by
20 deposition from a gas phase or a solution, by solid
particle deposition from a suspension or using the sol-

gel process, for example.

It is advantageous to achieve a relative static-

25 friction-reducing material surface density p of 10 mg/m?
< p £ 600 mg/m?, or better still of 20 mg/m? < p < 300
mg/m? or even of 50 mg/m®> < p < 150 mg/m?. This ensures,
on one hand, that a sufficient static-friction-reducing
effect is achieved and, on the other, that the layer of

30 static-friction-reducing material does not become too
thick. For if the layer is too thick, the fill factor
of the magnet core drops too far during heat treatment

when a significant part of the static-friction-reducing



achieve a hysteresis curve either in the formof an F- loop or in the form
of a Z- and R-1oop. However, since it is primarily the R-1oop which

achi eves the highest 10 perneability values, the magnet core nust be of
particul arl yVvetsr &s9- PC8e design in order to avoid danagi ng ani sotropi sns.
In order to achieve an R-1oop, the heat treatnent is advantageously
carried out field- free, i.e. in the ab3énce of a magnetic field strong 15
enough to have an adverse effect on the magnetic properties of the magnet
core, and at a tenperature T of 505C <- T <- 600C. The

static-frict Pekereddcilfg CRREEFES! 288nthe BBFREEdCBYe P6CEBFSsitPPon from a

gas phase or .3 sQlut b,on, thysSebbd sepanitighe rdepasbkienehiomaagsyspensi on or
usi ng the sol - gel process, for exanple. It is advant'ageous to achieve a
relative static 25 friction-reducing material surface density p of 10 ng/ nR
< p <- 600 n2, .aqr better still of 20.nmgy/nR < p Q [n2 _or even of
50 ng/ e < p tET1ER LRSS OPhi aé(ﬁgu?:@s}f:kg%ﬁs(?ﬁedhﬁ%d%%tehasf%gglscuffi ci ent
stati c-fr§ctigndradcirRaucehbeabtiesiachipeved andheam theaeidker, ofhat the

| ayer of 30 static-friction-reducing nmaterial does not becone too thick.

For if the | &yér 1 §ut setfRrellyt Ré £ N 1f HcfoPT &FeChE Tadnet Pedr 8Xdr ops
too far duri rea n igni ficant part of the
static-frict?gﬁ??ggh®iﬁbgggsggggggg?%fés'nateriaI is consunmed and the

magnet core becones too 'loose’ and thus too sensitive for subsequent

handling. For this reason, lLayer, thicknesses d.of the atic 5
frictiog-redﬁgﬁhé”ﬁﬁﬁéﬁiQﬂsﬁﬁpéﬁdt&nhg P& %Fsd%kg 5p m

preferably ofifdanthe MRt e¥eReGrItd 2hR WrOduction of a magnet

core with particularly favourable magnetic properties,
in particular with a high relative permeability value,
without great technical difficulty. The process
eliminates dependence on special, often costly alloy

15 compositions and renders the complete removal of
impurities in the alloy unnecessary. At the same time,
it renders superfluous complex selection procedures
designed to achieve the most perfect strip surfaces
possible. Thus the process disclosed in the invention

20 can be used to reduce the production costs for toroidal
strip cores by simple means. In addition, since
compensation is provided for structural defects in the
strip, it is also possible to avoid the undesirable
excessive spread of relative permeability values.

25
The magnet core disclosed in the invention is
particularly suitable for use in a residual current
device since, due to its high relative permeability, it
provides an adequately high secondary voltage to

30 trigger the magnet system of the release relay

responsible for cut-off.



d < 0.2 p mare advant ageous. The process disclosed in the invention has
the 10 advantage that it permts the production of a nagnet core with
particularly favourable magnetic properties, in particular with a high
rel ati ve per megbiolsiot yCral ue, w thout great technical difficulty. The
process elim nates dependence on special, often costly alloy 15
conpositions and renders the conplete réfoval of inpurities in the alloy
unnecessary. At the sanme tine, it renders superfluous conpl ex selection
procedures designed to achieve the nost perfect strip surfaces possible.
Thus the pro&ebeddimsaitssed ithet RBVERGARTI G/ S26G%PaR1PE%LEd IEE3tEFuce t he
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since conpensation IS provi ed for structural defects in the strip, it is
al so possible to avoid the undesirable excessive spread of relative

perneability valuig. 25 The nma ngt core disclosed in tgs invgntion IS

particul arly FdGit ablPE¥Sr useé PRMEPESFdGAPSEurFEht R d&VFRE98i Ace, due to
its high gel ative perneabilifygnkticptevbedasiaptagdgquately hi gh secondary
voltage to 30 trigger the magnet systemof the release relay responsible
for cut-off. VCS 050 PCT 14 Enbodinents of the invention are explained in

greater  detail, bel.owh referanae 1o Lhgcabhaghed digphngsy oF 0. 1

shows a scherati‘c “6r 6Ss-'Sect fon rough a 5 nmagnetic torordal “strip core.
Fig. 2a shows a schematic seetirop béyarpl inakheytoftoighii ptkapers in the
toroidal strip cores described in the first step of

10 the process disclosed in the invention.

Fig. 2b shows the same section after a subsequent

process step.

15 Fig. 2c shows the same section after a further

process step.

Fig. 3 shows various embodiments of the process
disclosed in the invention in tabular

20 form.

Identical parts are designated by the same reference

numerals in all figures.

25 Fig. 1 shows a cross-section through a magnet core (1),
or more exactly through a magnetic toroidal strip core,
consisting of numerous strip layers 3. The magnet core
1 is wound from a soft magnetic, typically amorphous
strip 2 onto a cylinder 4, which is later removed. The

30 strip 2 does not present ideal geometry with smooth,
exactly plane-parallel surfaces 5. In fact, its
thickness varies locally causing surface roughness, and

in addition the strip 2 may present geometric defects



cores described in the first step of 10 the process disclosed in the
invention. Fig. 2b shows the sane section after a subsequent process
step. 15 Fig. 2c shows the same section after a further process step. Fig.
3 shows vari s @bodiCients of the process disclosed in the invention in
tabular 20 form ldentical parts are designated by the sanme reference
nunerals in all figures. 25 Fig. 1 showd2a cross-section through a magnet
core (1), or nore exactly through a nagnetlc toroidal strip core,
consisting of nunmerous strip layers 3. The nmagnet core 1 is wound froma
sof t nagnetl§u0@yﬁﬁcépﬂﬁe§nﬁpﬁﬁ86sWe@@?lp°? Bﬁpﬁ ~ZhePEPNEEPSE. which s

later removed, GEE%P%Q %Q%%gnoﬁ Rhesent-rhdeal-ge@mekky oW tResnoot h,
exactly plane-parall sur aces 5. °In fact, its thickness varies locally

causi ng surf ace-ipoughsesd luaaa tieal @ddhbpﬁﬁ tthe strip 2 may present
geonetric defects VCS 050 PCT 15 such as bul ges and/ or wedge- or
bone-shaped cross- sectional areas. In Fig. 1 the surface roughness of the

strip 2 ig iljdstatad hydrooks iBlead Qéonmke rivherkackteld byeahegeonetry
presented by the strip 2 as caused by the hooks 6 and ot her

i rregul ariti 67 ighén asheawggiePycshe Lockswurdct RENSStatic friction

woul d Do preSRntui 10 o o ek O TE oSS TS ocRan eal Srreqses i the

magnet core btafheséruemhaml¢ﬁkm@Eme$@951@@uwddhal strip layers 3
which is significantly higher than would be presented

10 by an ideal strip leads to mechanical stresses in the

magnet core 1. These mechanical stresses could be
relieved during the heat treatment of the magnet core 1
following winding. However this is completely or at

least partially prevented by the sustained interlocking

15 of the strip layers 3.

Fig. 2 shows steps of a process as disclosed in the
invention for producing a magnet core 1. In the version
of the process illustrated, first the magnet core 1 1is
20 wound, then its strip layers 3 are coated with a
static-friction-reducing material by dip coating, for
example. However, it is equally possible to coat the
strip prior to winding, either by dipping or by a
continuous process, for example. The magnet core 1 is
25 then subjected to heat treatment during which the
static-friction-reducing material is partially or
extensively consumed. Here the freedom from stresses of
the magnet cores 1 is achieved both by the lubricating
effect of the static—-friction-reducing material and by
30 a loosening of the magnet cores due to the partial
consumption of the static-friction-reducing material,
since the magnet core 1 is able to expand during heat

treatment.



relieved during the heat treatnent of the magnet core 1 follow ng w nding.
However this is conpletely or at |east partially prevented by the
sustained interlocking 15 of the strip layers 3. Fig. 2 shows steps of a
process as diV€€l 85€dPCA the invention for producing a nmagnet core 1. In
the version of the process illustrated, first the magnet core 1 is 20
wound, then its strip layers 3 are coaté 8 with a static-friction-reducing
material by dip coating, for exanple. However, is equaIIy possible to

coat the strlp prior to windin ei t her t
process, for FdBanpPeSheKe ﬁaﬁﬁ&ngGrérfmlgﬁe ggﬂggmgéﬁjécg8%gP8&ﬁgous

treatment duriRgWaleh ot @%ﬁg%atsl exf thet isemtr ﬁiﬁ@ﬁbﬁﬁlc”@EQ&FaQ ipupartially
or extensively consuned he freedom from stresses o t he magnet

cores 1 is athi éhedcboshdeyabhie Enﬂaﬁggmﬁn@ apfif épt the fpserests of
static-friction-re uci_ng n I t
due to the pgﬁpp&l gg%sunﬁt%ke SF§ % % %? o3 ggaeglﬁgeg okhe groner cores

i'on o Ic- frlctlo reducing material,
si nce thesnageehgcanatl rashabl ehta emmaﬂd dehienguhdate Gr edt mept . VCS 050
PCT 16 Fig. 2a shows a section fraomthe mognd nagnet core with three

strip |ayersS3réP £hdSs8Pt REGHECTL Ysirlh 2PUupuBas: BLCR8 ¢8RS G8PSbI e

enl argement  and i ng%%%e%@ﬁ%rgsﬁéf%Etssh%thE'ﬁ@hh@% ofthgustrhicp | ayers 3 are
represented as 5 b rat her than curved. The surface 5 of the strip

2 is not per&ew@hweﬁbamhlbbtlhasndﬂ©ﬁ¢edab& hanbs $calPeprgadmersetal def ects

in the manner of surfac rou hness mhl i.ndi_cat, ks 6.
Super i mposed ° oﬁhﬁﬁgée Shor- SS%ClFFé?PSng %reﬁgP%ngggg

10 structural defects extendlng along and across the
strip. As a result, spaces 7 form between the strip
layers 3 as the magnet cores is wound. These spaces are
undesirable because they reduce the iron cross-
sectional area of the magnet core and, in addition,

15 lead to mechanical tensions.

Fig. 2b represents the section from the magnet core
after the strip 2 has been coated with a static-
friction-reducing material 8. The static-friction-

20 reducing material 8 sheathes the strip 2 and thus forms
intermediate layers 10 between the strip layers 3,
resulting in a layer sequence comprising alternating
layers of soft magnetic strips 2 and static-friction-
reducing material 8. The new surface 9 of the strip 2

25 is significantly smoother than the original, and as
such significantly closer to an ideal surface. If the
layer is composed of spherical or cylindrical particles
or of graphitic layers, it already has a marked
lubricating effect which facilitates the sliding of the

30 strip layers and thus relieves stresses in the core.

After coating, the magnet core is heat-treated in a

retort or continuous furnace. Fig. 2c¢ indicates that



10 structural defects extending along and across the strip. As a result,
spaces 7 form between the strip layers 3 as the nmagnet cores i s wound.
These spaces are undesirabl e because they reduce the iron cross- sectional
area of the ¥&§né®0cdFd and, in addition, 15 | ead to nechanical tensions.
Fig. 2b represents the section fromthe_pagnet core after the strip 2 has
been coated with a static- friction-redﬁ@ing material 8. The .
static-friction 20 reducing material 8 sheathes the strip 2 and thus forns
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material is par il hﬁéfwet%to%si vel ¥ heongured onhakiduenailgs hesessential ly
the ignition residue I1 of the static-friction-reducing material which now

forms the 5 ithicerrfsdicarcatizpeds lubricakdag ehéestri fhegpelty©o3. The
meterial | oSt due L0 consumpLion eads L acadagseni ng ot Lhe;mgnet core.
If the ignition residue a SO has "t Re “af orement i oned | u ricating effect,
these two) of stresses in the core.

Fig. 3 is a table representing various embodiments of
the invention. In addition to nano-dispersed SiO,,
carbon nanotubes, fullerene and pigment soon are also
15 used as static-friction-reducing materials for coating.
Layers of MgO, zirconium propylate and aluminium
buthylate are also examined. Ensembles of 50-100 core
are coated and heat treated. The magnetic properties,
in particular relative permeability u, at a frequency of
20 50 Hz, are then measured. The range of relative
permeability is specified as 2s/< ur >, where s is

standard deviation.

As a comparative example, ensembles of uncoated

25 reference cores were produced using the traditional
process. The table shows that static-friction-reducing
layers of nano-dispersed SiO, in particular result in
high levels of relative permeability. Layers of MgO,
zirconium propylate or aluminium buthylate cause slight

30 tensions or are largely passive. These layers can
nevertheless lead to improved magnetic properties of

strip cores since the extensive consumption of the



fundanment al nmechani sns both contribute to the relieving 10 of stresses in
the core. Fig. 3 is a table representing various enbodi nents of the
invention. In addition to nano-dispersed Si 02, carbon nanotubes, fullerene
and pi gment §66n0afeP@lso 15 used as static-friction-reducing materials for
coating. Layers of MO zirconiun1prop¥late and al um nium buthylate are
al so exanined. Ensenbles of 50-100 corel8are coated and heat treated. The
magnetic properties, in particular relative permeability Pr at a frequency
of 20 50 Hz, are then neasured. The range_of relative Egrneablllty IS

speci fi ed asl2ypE PRrindnheps §rﬁ§tm§95nﬁéﬁé BEVTATi 5AC ASCESBoRfar ati ve

exanpl e, enseblgg %for'éma%t %%%%h%f SLENEE 69 RecWahechiodueedsusing the
traditional process. The table shows that static-friction-reducing |ayers

of nano-di spersed Si 02 in partlcular result in high levels of relative

bilit L O, t but hyl at
Cause sl i ght N00L EriePBre or %46 T5rget 9 bhcttont Sahesdl |yl el ' e

nevert hel ss Jlggad ike lamboEa@cimrmgnehecmb@@anhgeafofchest:bn:e gaeesosi nce t he
extensi ve consunption of the VCS 050 PCT 18 |ayer durlng heat treat nent
will pernmit FW@SN@@§é@pn§urépgtﬁ@a@oﬁéeéﬁ@epﬁusaﬂﬁéoPépl heof nechani cal

stresses. %%c%;n% RS e¢ %fggzt Wstthb%n%%h)taqg'wt LAR3 A tMIQragepR 5 additive

al so permts-the enlng e core eto consunptlon during heat
treat ment, alhkougl tting fp@mc@m@a@etdthgGWWMQn8b@nkepsat@wgenough to

BL?Y?PLe ;P?&%ﬁg%%?g§ ron1ﬁ_esent%g K %fgggglgg gﬁggtgg Mggfect. Thus the

10 coating can be combined.

It has been shown that the particle size of nano—.
dispersed SiO, plays a not un-negligible role. Tests
using finely dispersed SiO, with a particle size of 500
15 nm or 1000 nm show a clear deterioration in magnetic
properties, in particular a reduction in permeability
to values around 200,000. A slight, though not yet
significant deterioration in magnetic properties can
also be measured at a particle size of 60 nm and above.
20 Furthermore, the concentration of the SiO; in the
dispersion also influences the magnetic properties of
the core. In concentrations of more than approximately
%, as opposed to concentrations of 1.5% to 5%, it is
possible to measure slight deteriorations which

25 increase further at higher concentrations.

Carbon nanotubes, fullerene and pigment soot do not

form tension-creating layers. They exercise a

lubricating effect which can be exploited as the core
30 1is being wound and also as it relaxes during heat

treatment.



10 coating can be conbined. It has been shown that the particle size of
nano- dispersed Si2 plays a not un-negligible role. Tests wusing finely

di spersed SiQ2 with a particle size of 500 15 nmor 1000 nm show a cl ear
deteriorati oNCSnOffgReti ¢ properties, in particular a reduction in
perneability to values around 200, 000. A slight, though not yet
significant deterioration in magnetic pF%perties can also be neasured at a
particle size of 60 nmand above. 20 Furthernore, the concentration of the
Si2 in the _dispersion also influenies the magnetic properties of the
core. In condeftr &t 6fdS6F AEr BUPRAA Spproxi mately 8% as opposed to
concentrations of 1.5%to 5% it is possible to neasure slight
deteriorations which 25 increase further at higher concentrations. Carbon
nanot ubes, fudl | ¥rgnetagdrgi gnent soot do not formtension-creating |ayers.
They exercisg aStlggricating effect which can be exploited as the core 30
is being wound And 8l so as it rel axes during heat treatnent. VCS 050 PCT
19 List »f nefetrenpelayserals 1 Magnet core 2 Strip 5 3 Strip layer 4
Cylinder 5 Surface 6 Hook 7 Space 10 8 Static-friction-reducing materi al
9 Coated surflacéylinder

5 Surface
6 Hook
7 Space
10 8 Static-friction-reducing material
9 Coated surface
10 Intermediate layer

11 Ignition residue



10 Internmediate layer 11 Ignition residue VCS 050 PCT 20 Cains 1. Magnet
core for low frequency applications consisting of a spiral-wound, soft
magnetic strip, 5 said soft magnetic strip having on at | east one side a

| ayer conpri¥CAg0bBePEEnition residue of a static-friction-reducing
material such that |ayers of soft nagnetic material and ignition residue
of a static-friction-reducing materi al2@l ternate 10 t hrough the
cross-section of the nagnet core. 2. Magnet core in accordance with claim
1, the magnet _core having a relative perneability Pr where 400,000 <- Pr <
800, 000. 15 SlaMBfnet core in accordance with claim1 or 2, the particles
of the static-friction-reducing material having a particle dianmeter dp
where dp < 500 nm 20 4. Magnet core in accordance with claiml or 2, the
particles of 1t he Maghét-¢oret fon-tedutiraguenay e2PRligaviegsSa particle

or 2. “the parti cPBRSbTEERE SFat i EOHFT BUT S iRt ho S ARTGr el eV ng & |
particl e gli anet er sgpawbere dpgn@diadnstsdlp having on at least one
side a layer comprising the ignition residue of a
static-friction-reducing material such that layers
of soft magnetic material and ignition residue of

a static-friction-reducing material alternate

10 through the cross-section of the magnet core.

2. Magnet core in accordance with claim 1,
the magnet core having a relative permeability p:
where 400,000 < u, < 800,000.
15
3. Magnet core in accordance with claim 1 or 2,
the particles of the static-friction-reducing
material having a particle diameter dp where dp
< 500 nm.
20
4. Magnet core in accordance with claim 1 or 2,
the particles of the static-friction-reducing
material having a particle diameter dp where dp
< 60 nm.
25
5. Magnet core in accordance with claim 1 or 2,
the particles of the static-friction-reducing
material having a particle diameter dp where dp
< 20 nm.
30
6. Magnet core in accordance with one of claims 1 to
5,

the soft magnetic strip being nano-crystalline.



6. Magnet core in accordance with one of clains 1 to 5, the soft magnetic
strip being nano-crystalline. VCS 050 PCT 21 7. Magnet core in accordance
with one of claims 1 to 5, the soft nagnetic strip being crystalline. 5
8. Magnet coWE€Si ASAcE6fdance with one of clainse 1 to 5, the soft magnetic
strip being anorphous. 10 9. Magnet core in accordance with one of clains 1
to 8, the soft magnetic strip essentiafly conprising the alloy
conposi ti on FeaCobCUcSI dBeM, 15 M being at |east one of the elenents V,

Nb, Ta, Ti, M, W Zr and Hf; a, b, ¢, d, e and f being specified in
percent per atom 0 <- b <- 20; 0.5 <c¢c <2;, 6.5<d<-18;, 5 <e<14; 1

-<f <6, d+ e myghbrapdra ¢+ baéc@rdaﬁcé ﬁlﬁhfonelgg c@ftnsobats 20 belng
able to be wholly or partlally repl aced by nickel. 10. Magnet core in

accordance with bpe of clains 1 to 9, 25 the magnet core having a fil

factor of > 80% after eat treatne 1 Nhg net accordance with
one of claims 1 ? © 38f 3@a9ﬂ%€?Flfg¥a%t Fiid Xaggég;ng < 80% 12.
Magnet coge in accordance with one of clalns 1 to

8. Magnet core in accordance with one of claims 1 to
5,

the soft magnetic strip being amorphous.

10 9. Magnet core in accordance with one of claims 1 to
8,
the soft magnetic strip essentially comprising the
alloy composition
Fe,CopCucSigBeMs,

15 M being at least one of the elements V, Nb, Ta, Ti,
Mo, W, Zr and Hf; a, b, ¢, d, e and f being
specified in percent per atom; 0 < b < 20; 0.5 < ¢
<2; 6.5<d<18; 55 e <L 14; 1 £ <L 6;d+e>
16 and a + b+ ¢ +d + e + £ = 100; and cobalt

20 being able to be wholly or partially replaced by

nickel.

10. Magnet core in accordance with one of claims 1 to
9,
25 the magnet core having a fill factor of > 80% after

heat treatment.

11. Magnet core in accordance with one of claims 1 to
10,
30 the fill factor n being 70% < n £ 80

oe

12. Magnet core in accordance with one of claims 1 to

10,



10, VCS 050 PCT 22 the fill factor rl being 65% < q < 70% 13. Magnet core
in accordance with one of clainms 1 to 12, 5 the nagnet core having an
effective surface roughness RT where 1% -< RT - 12% 14. Magnet core in
accordance wWtH 6Aé 8CTclains 1 to 12, 10 the effective surface roughness
RT being 1% < RT <- 6 o. 15. Magnet core in accordance with one of clains
1 to 12, 15 the effective surface roughfess RT being 1% RT -< 40. 16.
Magnet core in accordance with one of clains 1 to 15, 20 the magnet core
having a saturation nmagnetostriction const apt A§ where \s < 6 ppm 17.
Magnet core in atEBer ééﬁgefé\ﬁ:?ﬁroﬁeb%nﬁl arfs=1to /498; 25 the magnet core
havi ng a remanence induction to saturation induction ratio BR/ Bs of BR/ Bs
> 40% 18. Magnet core in accordance with one of clainms 1 to 16, 30 the
magnet core havi Mggactemanents hndoctiaonet witbavueavifonlanuacti A ratio
BR/'BS of 1% < BR/Bs < 30% 19. Magnet core in accordance with one of
claims 1 to 16, 1¥CS 050 PCT

5 the magnet core having an effective surface

roughness RT where 1% < RT < 12%.

14. Magnet core in accordance with one of claims 1 to

12,
10 the effective surface roughness RT being 1% < RT <
6

oe
.

15. Magnet core in accordance with one of claims 1 to

12,
15 the effective surface roughness RT being 1% < RT <
43.

16. Magnet core in accordance with one of claims 1 to
15,
20 the magnet core having a saturation

magnetostriction constant As where As < 6 ppm.

17. Magnet core in accordance with one of claims 1 to
le,
25 the magnet core having a remanence induction to

saturation induction ratio Br/Bg of Br/Bs > 40%.

18. Magnet core in accordance with one of claims 1 to
le,
30 the magnet core having a remanence induction to
saturation induction ratio Br/Bg of 1% < Br/Bs < 30%.
19. Magnet core in accordance with one of claims 1 to

le,



23 the magnet core having a remanence induction to saturation induction
ratio BR/Bs of 30% < BR/'BS < 800. 5 20. Magnet core in accordance with one
of claims 1 to 16, the magnet core having a renmanence induction to
saturation i Ng&cOP8nPEati o BR/Bs of 80% < BR/BS < 970. 10 21. Magnet core
in accordance with one of clains 1 to 20 the static-friction-reducing

mat eri al provided being nano-di spersed §|02 15 22. Magnet core in
accordance with one of clains 1 to 20, the static-friction-reducing

materi al provided being nano-dispersed Si02 with magnesium nethylate. 20
23. Magnet core |Hea868%85n68rﬁigﬁv6ﬁg gf LEMarmecs fgguﬁﬁlopngo

static-friction-ggduchRgonat 8hak iBhOYheed Bppwgaﬂolmm wgg <25 24.
Magnet core in accordance with one of clains 1 to

static-friction-B88ucing material provided being carbon nanotubes. 30 25.
Magnet core in accordance with one of clains 1 to 20,

5 20. Magnet core in accordance with one of claims 1 to
16,
the magnet core having a remanence induction to
saturation induction ratio Bgr/Bs of 80% < Byp/Bs <
97%.
10
21. Magnet core in accordance with one of claims 1 to
20,
the static-friction-reducing material provided
being nano-dispersed SiO-.
15
22. Magnet core in accordance with one of claims 1 to
20,
the static-friction-reducing material provided
being nano-dispersed SiO, with magnesium methylate.
20
23. Magnet core in accordance with one of claims 1 to
20,
the static-friction-reducing material provided
being pigment soot.
25
24. Magnet core in accordance with one of claims 1 to
20,
the static-friction-reducing material provided
being carbon nanotubes.
30
25. Magnet core in accordance with one of claims 1 to

20,



VCS 050 PCT

full erene. 26. Magnet core in accordance with one of clains 1 to

24

the static-friction-reducing material provided being C60

5 25, an

alkylate of a netal or transition netal being provided as an additive to
the static-f MGt i0of- BC8duci ng material. 10 27. Magnet core in accordance

with one of clains 1 to

25, boron nitride being provided as an additive to

the static-friction-reducing material . 245 28. Process for produci ng a

magnet core for

| ow frequency applications conprising the foll ow ng
steps: - provision of an anoprphous, soft magnetic str
strip with a statifé- FrecticonsL

ip; - cqating of the
56 1P8aaeAHG et BAFartal ESPWFHSgof t%e strip

into a magnet CORR:ny SuPiA/Etionf. the magnet core to heat treatment, the
static-friction-reducing naterial exercising a lubricating effect on the

strip. 25 29. Process for producing a nagnet core for low frequency
MY %@% fplgogbg anskeRS e JRLOYESLeN 0k &n anmor
st 8, 36°F%cait i

applications
soft magneti

g o ﬁes rMpi1nto a magnhet core,;

coating of the stwmi,p layers formng the magnet core with a
static-friction-reducing material; VCS 050 PCT

10

15

20

25

30

27.

28.

29.

an alkylate of a metal or transition metal being
provided as an additive to the static-friction-

reducing material.

Magnet core in accordance with one of claims 1 to
25,
boron nitride being provided as an additive to the

static-friction-reducing material.

Process for producing a magnet core for low

frequency applications comprising the following

steps:

- provision of an amorphous, soft magnetic strip;

- coating of the strip with a static-friction-
reducing material;

- coiling of the strip into a magnet core;

- subjection of the magnet core to heat treatment,
the static-friction-reducing material exercising

a lubricating effect on the strip.

Process for producing a magnet core for low
frequency applications comprising the following
steps:

- provision of an amorphous, soft magnetic strip;
- coiling of the strip into a magnet core;

- coating of the strip layers forming the magnet

core with a static-friction-reducing material;

phous,



25 - subjection of the magnet core to heat treatnent, the
static-friction-reducing nmaterial exercising a lubricating effect on the
strip. 5 30. Process in accordance with claim 28 or 29, the heat treatnent
bei ng carri edC8uP5Pi &cd-free in the absence of a magnetic field. 31.
Process in accordance with one of clains_28 to 30, 10 the heat treatnent
being carried out at a tenperature T where 505C - T < 600C. 32. Process in
accordance with one of clains 28 to 31, nano-dispersed Si02 being used as

the static 15 friction- redUC|n% material. 33. Process in accordance with
one of clains 287t 8B1eCtAgR0Odi §p&r BednSF 03 %t honBgREsT Rt HEERYI at e bei ng

used as the Stat'Cttél%%b@@ctgggetmenﬂgé@ﬁbﬁhg ROt 34iaPregessiknngccor dance
with one of clainms 28 to 31, pignent soot being used as the

static-friction- redlcbngcattegi affe2s 858. tPerosessPin accordance with one
of claims 28 to 31, carbon nanotubes being used as the static-friction-
reducing material. 36. Process in accordance with one of clainms 28 to 31,

30 C60 fufl enenepkeicagsusadaasotrfignstalviehf eiainons oedaei,ng material . 37.
Process in accordance with one of clains 28 to 36, VCS.050 PCT 26 an
alkyl ate of a methP 8eatr &HSPEMEAtNEEARILERRG cHsBHtas18AAdLFEI VB to the

static-friction-gedugiagy ABLEr bakhagnetic field.

31. Process in accordance with one of claims 28 to 30,
10 the heat treatment being carried out at a

temperature T where 505°C < T < 600°C.

32. Process in accordance with one of claims 28 to 31,
nano-dispersed Si0, being used as the static-

15 friction-reducing material.

33. Process in accordance with one of claims 28 to 31,
nano-dispersed $i0O, with magnesium methylate being
used as the static-friction-reducing material.

20

34. Process in accordance with one of claims 28 to 31,

pigment soot being used as the static-friction-

reducing material.

25 35. Process in accordance with one of claims 28 to 31,
carbon nanotubes being used as the static-friction-

reducing material.
36. Process in accordance with one of claims 28 to 31,
30 Ceo fullerene being used as the static-friction-

reducing material.

37. Process in accordance with one of claims 28 to 36,



5 38. Process in accordance with one of clainms 28 to 36, boron nitride
being used as an additive to the static-friction-reducing material. 39.
Process in accordance with one of clains 28 to 38, 10 the surface coverage
density p of ViClse0sa®iCd- friction-reducing material being 10 ng/nR2 <- p <_
600 My/ M2. 40. Process in accordance with one of clains 28 to 38, 15 the
surface coverage density p of the statié® friction-reducing material being
20 ng/nm2 << p < 300 ng /nm2 . 41. Process in accordance with one of clains
28 to 38, 20 the surface coverage density p of the static-.
friction-reduci nghnat&vriakepeifng Botay/ AP krapsitisp magainReing2. process

In accordance w {h.ane.of cLaine g8 {8 ¢e sﬁét&Befk§¥ﬁﬁoﬁh%éﬁﬁg§§gd 0; the

static-friction- reducing material prior to heat treatnent being <

}gym 43. Processaiterdedor dance with one of clains 28 to 41, 30 the |ayer
thickness d of the static-friction- reducing material prior to heat
treatnent being d < 1 um 44. Process in accordance with one of clains 28

to 41, VG5 05@ PETo2éssthe baverdbhiekness dnef ofhelstaki esf £bcBEpn-
reducing material prior to heat treatnment being d < 0.5 pm 5 45. Process

in accordance wi bhronendtrérai heing veed1as pheapdyeivehiekhBSs d of the
static-friction- Jtedyclng;MREeL 3LaRtiRG kQcheghatreatment being d <

39. Process in accordance with one of claims 28 to 38,
10 the surface coverage density p of the static-
friction-reducing material being 10 mg/m® < p < 600

mg/m?.

40. Process in accordance with one of claims 28 to 38,
15 the surface coverage density p of the static-
friction-reducing material being 20 mg/m® < p < 300

mg/m?.

41. Process in accordance with one of claims 28 to 38,
20 the surface coverage density p of the static-
friction-reducing material being 50 mg/m?> < p £ 150

mg/m?.

42 . Process in accordance with one of claims 28 to 41,
25 » the layer thickness d of the static-friction-
reducing material prior to heat treatment being d <

5 um.

43. Process in accordance with one of claims 28 to 41,
30 the layer thickness d of the static-friction-
reducing material prior to heat treatment being d <
1 um.

44 . Process 1in accordance with one of claims 28 to 41,



0.2 pm 10 46. Process in accordance with one of clains 28 to 45, the
static-friction-reducing nmaterial being applied by deposition fromthe gas
phase or froma solution. 15 47. Process in accordance with one of clains
28 to 45, ttiessvabi ectriction-reducing nmaterial being applied using the
sol -gel process. 48. Process in accordance with one of clainms 28 to 45, 20
the static-friction-reducing material b2ing applied by solid particle
deposition froma suspension. 49. Residual current device with a nagnet

core in accordance with one of clains 1 to 27.
the layer thickness d of the static-friction-

reducing material prior to heat treatment being d <

0.5 um.

5 45. Process in accordance with one of claims 28 to 41,
the layer thickness d of the static-friction-
reducing material prior to heat treatment being d <

0.2 um.

10 46. Process in accordance with one of claims 28 to 45,
the static-friction-reducing material being applied
by deposition from the gas phase or from a

solution.

15 47. Process in accordance with one of claims 28 to 45,
the static-friction-reducing material being applied

using the sol-gel process.

48. Process in accordance with one of claims 28 to 45,
20 the static-friction-reducing material being applied

by solid particle deposition from a suspension.

49. Residual current device with a magnet core in

accordance with one of claims 1 to 27.




