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preventing corrosion and to apparatus for use in such nethods. It is we
known to protect an electrically conductive substrate from coerrosion by
e§,@b| ishing a potential differ- .ence between the ‘substrate andri\l 32%0
spaced-apart el ectrode. The substrate and the el ectrode are con §¥

each other through a power supply of constant sign (DC or rectified AC) and
the circuit is conpleted when electrolyte is present in the space between
the gubstrate and the el ectrode. In nmost such inpressed current systens,

the substrate is the cathode (j.e. recelves el ectrons). However, wth
substrates which can be paSS|vated Ni, Fe, & and Ti and_their
alloys, it is sonetinmes al so p055|ble o use i npressed current systens in
whi ch the substrate is the anode. In both cathodic and anodic systens, the
substrate is often provided with a protective insulating coating; in this
case the inpressed current flows enly through accidentally exposed portions
of the substrate. If the systemis to have an adequate life, the el ectrode
must not itself be corroded at a rate which necessitates its replacenent;
this is in contrast to the "sacrificial anodes" which are used in galvanic
protection systens. The el ectrode nust also have a surface whi ch is not

rendered ineffective by the HEEEaY Oga§§ngcEq5%p st%mpr by the

el ect rochem cal reactions'ta_ ch as the

evol ution of chlorine- gas The el ectrode and the pomer supply must be such
that - : : -

CBrrosi on Protection System r -2- This invention relates to nethods '
)



the current density at all points on the substrate is high enough to ‘E
' ent corrosion but not so high as to cause problens such as damage' to
ﬂﬁéﬁkubstrate (eg. enbrittlement) or -di sbonding of a protective coating on
| {~*. The power consunption of the system depends inter alia on the dlstamge
. betrween the various parts of the substrate and electrode In vi ew of these
fastors, the theoretically best type of : - - 3-
el ectrode i s one which has a shage correspondi ng general ly to the shape _of
the substrate and which is reIaFEver close to all points on the subsL;aLe
Such an electrode is referred to herein as a distributed el ectrode".
Di stributed el ectrodes have been provided in the past, for exanple, by a
- layer of conductive paint which is coated over an electrically insulating
~coating dhitsheinvwdntroneyebates &ophethods cofatpareventeimgg aced adj acent to
t he .3 I a p own distributed
elect#ggéi SLW% %%#ggéggﬁsngac icéﬁpgﬁgad$§ﬁp§ﬁégf. Conductive paints
require careful, craft sensitive appli-cation of the paint |ayer and of the

| ati I I h [
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easﬁPPﬁi?ﬁiﬁnﬁﬁﬁme@?h§¢5b9nnbth&ﬁt@§ﬂLﬂ&ﬁﬁﬂ(#IRQtﬁntiﬂlsdEffag-or peel i ng
dueetn%eowa@e&ftwréﬁﬁétﬁuét Beamy é’?éé‘érb& Of very |ow

o dhe, BHRSARALA AR EBE) PRBFLEROSs aFe mwé‘éh‘i’s&{ Aechsotbey || mited o
thershrBish be Powe basepbeyveen conetRait s gl (e ¢a8f@é€i£9eéaxe') Such bus
bars,. eci al exposed.a sult of damage to the paint, are IIabIe
t 0. ég#f %”F1§%%1E %ﬁd?ﬁﬂ?&§§§g y%en electrrg§ke is present in
* . the space between the substrate and the electrode. In most
.. such 1mpressed current systems, the substrate is the cathode

(i.e. recelves_electrons) However, with substrates

which can be passivated, e.g. Ni, Fe, Cr and Ti and their

alloys, it is sometimes also possible to use impressed

"current systems in which the substrate is the anode. In

both cathodic and anodic systems, the substrate is often -~

provided with a érotective insulating coating; in this case

the.impressed current flows only through accidentally _

exposed portions of the substrate. If the system is to have

an adequate life, the electrode must not itself be corroded

at a rate which necessitates its replacement; this is in

contrast to the "sacrificial anodes" which are used in

galvanic protection systems. The electrode must also have a

surfaée which is not rendered ineffective by the current

passing through it or by the electrochemical reactions

taking place at its surface, such as the evolution of
chlorine gas.

The electrode and the power supply must be such that
the current density at all points: on the substrate is high
enough to,prevent corr051op but not so high as to cause.
problems such as damage to_the'substrate (eg. embrittlement)
or disbonding of a protective coating on it. The power _
consumption of the system depends inter alia on the distance
between the various parts of the substrate and electrode.

In view of these factors, the theoretically best type of
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plati numcoated wires are |ikew se nunerous.

Platlnun1|s very expen5|ve

(whi'ch is of course why pIatTnun}coated Wi res; ‘rather than pure platinu

‘W, I es,
The Use-of platinumcoated wires is,

t her ef ore,
restricfed to situations in which- -such damage can be. n1n|n1zed In
additio it is essential that the core of the wire, .if exposed, is not
liable.to corrosion,

R and this furtbgr increases the cost of the electrode.
| n- pkaetii ce, pLatlnun} coated wires conprise a core of titaniumor

ni obi um coat ed copper. -4- Because of the difficulties associated with
distri- buted-el ectrodes, nDst practlcal | npressed current corrosion

protection systens Jsmake u luraljty of discrete el ectrodes which are
Chaced afarCErOdR AP (it RECh bR? Bnahaliss FPEEESPORRINSEIASRe T Binodes
are rigi ¢o afie WHapge VL NPt Ot aangdr whliiche ier relatd vdley gicEe I esin

or ot her matri x. which i s-hj I | oad ith gr.aphite, or, ot her

car bonacéﬁh%ﬁat%‘?}r% s °%eg&éﬁs§uhggfﬁ§edi s%dé’ﬁge M?‘F&e ®ctrodes and
t he substyefiexrédirgs lpemetnsapphl sdisteibluted dedttalel i ntBidter Enwed r om
ot her ele ri,cal

Comon. ifeEhatyThETR brRE, ApVEaRE" 3, S B o SHBREI TR

rise to riray!hemf cegduch1despaustngrlgm1eas;1mtﬁdacbm carecélecteicadly
e ancuhal BFS L EASE 18, bR Wil adl Iy gk e ERELLORY {1
- wire placed adjacent to the substrate (usually inside a
-plpe), However, the. known distributed electrodes suffer
- from $er;ous practical disadvantages. Conductive paints
‘reguire ¢areful; craft-sensitive application of the paint
layer and of the inSulating layer,'énd even when the layers
are correctly appl1ed, the paint (whose thickness is less
than 200 microns, usually less 100 mlcrons) can easily be
damaged either by mechanical abrasion or by blistering or
peellng due to passage of current. = Furthermore, unless the
paint is of very low reszstlvzty (which makes it difficult
to apply and/or very expensive and/or more liable to damage),
either the size of the substrate is very limited or there )
must be bus bars between ‘the paint- and the insulating layer.
Such bus bars, especially if expdéed as a result of damage
toc the paiﬁt, are liable to co:rosioh. The disadvantages of
"platinum-coated wires are likewise numerous. Platinum
is very expensive (which is of course why platinum-coated
"wires, rather than pure platinﬁm'wires, are used) and
platinum coatings are very easily damaged, eg. by flexing of
the wire. The use of platinum-cbated wires is, therefore,
restricted to situations in which such damage can be minimized.
In addition, it is essential that the core of the wire, 1f
exposed, is not liable to corros1on, and this further

increases the cost of the electrode. In practlce, ‘platinum-

coated wires comprise a core of titanium or niobium-coated
copper.

m ..__~.7
are used) and platinum coatings are very easi | y damaged, eg. by
flex1ng of the wire. ~ -
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met hod of protecting an electrically conductive substrate from corrosion,
whi ch net hodBecansies ef ¢ﬁbaﬂm££mcu1tiexnassocuatbdfﬁienoaiberﬂﬂen the

substr

tZ§§gse of a distributed el ectrode whose el ectrochem cally active outer

ably at | east 1000 microns, thick. = The term "conductive pol yner"
used herein to denote a conposition which conprises a polynmer conponent
and, " di spersed in the pol.ymer .conmponent,

has good resistance to corrosign, especially carbon black or

a particulate conductive filler

ce is provided by an-el ement which is conposed of a conductive polymer
ng an el ongation of at |east 10% and which is.at |east 500 nicrons,

i s’

te. Accordingly, in-one aspect the present invention provides a,h__#
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Maengifiaf rofe %hﬁ@r{cai%tézﬁﬁ s poad s () geggﬁgtareguce a desired

of corrQsi on- rotectlon The

ant is closely rel ated

to, and{Ban ab&hﬁﬁ@°§$ﬁe§£§ qwﬂ¥\&ﬂheﬁuﬁﬁﬂﬁQ%ﬁﬁﬁrtbﬁ%b&ﬁb iSee for exanple
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and the substrate, large power_supplies_are often
needed and interference from other electrical sYstems
(including:other_corrosion:protection_systems).is
common. In addition, the high current density at the
electrode_can,give_risehto problems,'eg; in.dispersing_
gases_generated by electrochemical reactions at the |
surface of the electrode. '

We have now discovered that the disadvantages of

- known electrodes can be mitigated or overcome through

the use of a distributed electrode_whose electrochemically
active outer surface is prorided by an eIeﬁent which is
composed of a:conductive polymer having an elongation of at
least 10% and which is at least 500 microns, preferably at
least 1000 microns, thick. The term "conductive polymer®* is
used herein to denote a composition which comprises a
polymer component and, dispersed in the polymer component, a
particulate conductive filler which has good resistance to
corrosion, especially carbon black or graphite.

Accordingly, in'one aspect the present'invention
prov1des a method of protecting an electrically
conductive substrate from corrosion, which method
comprises establishing a potential difference between
the substrate and a distributed conductive polymer_ '
electrode as defined above,
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protection system For the nost common corrosion problems, in whi ch water
containing salt (NaCl) is the corroding electrolyte, the rel evant

Quasi - Tafel -Constant of the material at the surface of the el ectrode c
detier mi ned by the follow ng procedure. A sanple of the material having\a

known susface area, eg. of about 1 [err], is used as one electrode in an

el ectrodhenmical cell containing a 5 nDIar sol ution of sodium chloride at
50C. The other el ectrodes are carbon-seds. The potentlal of the sanple is
neasaLéh usi ng -a saturated cal onel electrode (SCE) and controlled by a
potentiostat. The potential of the sanple is adjusted to sone desired |evel
and the cell current is nonitored. The current: decays froma relatively

| arge value to e t t red.
Measur enent s- a}g %%dSQXeﬁ %E%3FEHH' Rﬁﬂqﬁﬁ§d$%gd§%£{ﬁwmd§8 ggﬁzgcurrents
corresponbemgtbooﬁhsleatx@d@ ¢amﬁaﬂn§PQMﬁmﬁtap+inrpo;nts. 8n parts of the

el ectrodeg ntial is
ol ott g oy eoeIGUERG (NS WY OF Wil ?ﬁ%@%&%??ﬁ’s&e of the
plot is chhcEhnsheSitmptd qnﬁxnw%xﬁﬁﬂ kised t¥habtep Rropergiacsdapurrent

density rangetgpdel &&w;@s%ﬁm mélny@étééﬂfeed%e' "guatsliewa'i@ige in
voltage (in mllivolt nﬂ; ver he current changes

Wer e ref EPBRERRLS & ¥E§6%$14?F$EW%?€GIEY §8§G§saﬁo§e;q§;ﬁ§¥13;eﬁo
Const ant , bellew ,amagTeas msbbak ice R 80dohUthedpakinind 1y s for
ether cory, %Ivﬁectrode that can be employed to produce a desired
flevel of corrosion protectlon. The Quasi-Tafel Constant
. is closely related to, anéd can be the same as, the
- well-known Tafel Constant (see for example Pages
308-310 of "Corrosion Engineering™ by Fontana and
Greene, 2nd Edition, published in 1978 by McGraw Hill).
However, the test method defined below takes into
account other variables of a prectical corrosion
protection system. |

For the most_common corrosion problems, in

which water containing salt (NaCl) is the corroding
electrolyte, the relevant Quasi-Tafel-Constant of

‘the material at the surface of the electrode can be
determined by the following procedure. A sample of the
material having a known surface area, eé. of ab&ut 1
cmz, is used as oﬁe electrode in an electrochemical
cell containing a 5 molar solution of sodium chloride
at 50°C. The other electrodes are carbon rods. The
potential of the sample is measured using a saturated
calomel electrode (SCE) and controlled by a potentiostat.
The potential of the sample is adjusted to some desired
level and the cell current is monitored. The current
-decaye from a relatiﬁely'large value to a steady state.
The steady state currxent .is measured. Measurements are
made using voltages whlch produce steady state currents
corresponding to the current densities which different



mediuns, a simlar test can be carried out using the appropriate

ctrolyte. The higher the Quasi-Tafel Constant, the |onger the usable

gth of the electrode, providing that the reS|stance of tHe el ectrode per.
~unit length is sufficiently |ow The conductive polynmers which are \J
preferably used in the present invention have a Quasi-Tafel Constant of at’
‘least 300, nore preferably at |east 400, particularly at |east 500,
mllivolts/decade over a current desity range of 1 to 500 n1croanps/[err]
In one enbodi ment of the invention, the electrode is in the form of A
flexible strip conprising a | ow r esi st ance core, eg. a netal wire, and a
conductRart R L nkhe cebaehrodai Uhlﬂ-shﬁﬁeellectthﬁc&omim with the core.

By fle@xta@eé«.swmaeﬁswxgt bt bﬁesbatanambqsb amage lﬁhﬁﬁ@ng' e of [err]

over a 10 cmradjus, an k again, wthout ength of the .
strip itheeiRe 19Fekh eeﬁ“‘ﬁ?“f-eﬁ?!‘si@%tl B8 ayeragenrsyoRestof000 tines, its

snal | eheli pEEi D8 ci'iléuihtea ¢b aeléae&d sqran'fesa'Bitqt RiFercrdss- section.

At | eas art f the og 8 EE ace o %Iectro i s, el ectrochenically
active DYEHeBF- CERAAEY & E"HSI?ng 8 expressed @& convenient to
_fhx sudmflrwoltsydecaoeeltcenodhe chanbfsmmaﬁomuaqgn(ﬂutrlthe subztrate .
t hr oug r e, wlhe -st e W apped aroun
the outtd A SFTeEL' Ok, FHERR b8! cBERHBY nratish b £ FRatar o " he
substr @f Xy. any conveni ent neans, for exanple with an adhesive, eg. a
contact adhesive, a pressure-sensitive adhe5|ve a hot-nelt adhe5|ve or the

i ke. When the substrate is
 Where references are made herein to partlcular

values for a Quasi-Tafel Constant, they are measured by
the method just deecribed. 'However,_for_othe: corrosive
mediums, a similar test can be carried out using the
appropriate electrolyte. The higher the Quasi-Tafel
Constant, the lcnger the usable length of the electrode,
‘providing that the resistance of the electrode per

unit length is sufficiently low. The conductive
polymers which are preferably used in the present
invention have a QuasiéTafel Constant of at least 300,
more preferably at least 400, particularly atlleast

500, millivolts/decade over a current density range of
1 to 500 microamps/cmz,' '

In one embodiment of the invention, the elect:cde
is in the form of a flexible strip comprising a low
resistance core, eg. a metal wire, and a conduct1ve .
‘polymer element which is in electrical contact with the
core. By flex;ble is meant that the strip can be bent
-through an angle of 90 over a 10 cm radius, and back
again,_without damage.' The iength of the strip is many
times, eg. at least 100 times, often at least 1000
times, its smallest dimension. The strip can be round
or of any other crcss-section. At least a part of the
outer surface of the electrode is electrochemically active

and is composed of conductive polymer.



nﬁgnetically receptive,. eg. nmade of a ferrous netal, the strip electrode

can conprise a magnetic strip (or. a plurality of spaced apart el enent PR
conposed of an electrically-insulating, pernanent magnet material thr v
mthh the strip is magnetically secured to the substrate. On the ot her

hand, fygxing the strip in this way is usually less efficient (fromthe

poi nt of. view of power consunption and corrosion protection) than

p05|t|on|ng the strip a short distancé~away fromthe substrate. Wen the
stri_[’s placed inside the substrate, a generally central position is

advant ageous for obtaining uniformprotection with m numum power
consunption. \WWen the strip is placed outside the substrate, it is usually
pl.aced as ‘close to the substrate as is conveni ent and consistent with

protecting the far si e of the substrate. .Gener the ratio p + Da + D
BT %he 1'2ss Hak s OhFeRcranvsniest ERatiZ Al Che XbLa S Fapost

di st ance drevtdddesubst payeitalt bontheet widh the subetrdame | est distance
fromthe substrate to th l.ectrode and D S the I est di n3|on of the
subst r at SHRPUGH)| S cLar f pERRS, RIERERE, | (Rot, S Xemley Fng EE TR, og. in
t he case ¢dn sb@i peapped droumtiethe outside /bﬁ)arhe cs:.hlas’d::yapeeberred f orm of

ot o FLEELT 8 rnil ARl DY Britoe B B ARk oy Ryl oo
conposed ﬁénnenneatlabahswlﬁ@raexampﬁe\mngh an adhesive, eg. a
- contact adhesive, a pressure—sensxtlve adhesive, a
hot-melt adhesive or. the like. When the substrate is
' .magnetically receptive, eg. made of a ferrous metal,
the striéielectrode can comprise a magnetic strip (or a
plureiitf of spaced-apart elements) composed of an
- electrically insulating, permanent magnet material
through which the .strip is magnetically secured to the
substrate. On the other hand, fixing the strip in this
way is usually less efficient (from the point of view
of power consumption and corrosion protection) than
positioning the strip ‘a short distance away from the
substrate. When the strip is placed inside the substrate,
a generally central p051tlon is advantageous for
obtalnlng uniform protection with minumum power consumptlon.
When the strip is placed outside the substrate, it is
usually placed as close to the substrate as is convenient
and consistent with protecting the far side of the
substrate. Generally the ratio

b+ D
a+D

will be less than 4, preferably less than 2, where b

is the largest distance from the substrate to the
electrode, a is the smallest distance from the substrate
to the electrode and D is the largest dimension of the
substrate in a'planeeat right angles to the axis of the
electrode, eg. in the case of a pipe, its diameter.



at 230C of less than 5 x [err] ohmcm preferably less than 3 x [err]
cm particularly less than 5 x [err] ohmcm eg. copper or another
§E§%I, and whi ch has a resistance at 23C of |ess than 102 ohmft (0.03 ..
m preferably less than [err] ohm ft (0.003 ohm mn, particularly |ESS\(
thafi 10 ohm ft (0.0003 ohnin)_aand (2) an elenment which (i) isin
el ectrical contact with the core; (ii) is conposed of a conductive pol yner
havi ng an elongation of at |least 10% (iii) provides substantially the
whol e of the electrochenmically active outer surface of the el ectrode; .
(iv) has a-thickness of at least 500 nicrons, preferably at |east 1000 -
m crons. -9- It is to be noted that the core of an el ectrode as defined

* above doeg ﬁ@fti@ﬁﬂhﬁgytpebf@&&eafsaﬁmxﬁtwmxé&iuléCELEEteaaer surface of
-theehlfé‘ﬁrodeh #ch I S prOV|d |§ﬁ¥ by e?conductlve polyner el enent
(2) t hBr DORBL PEELEE AN & PhatrenPEESEPEnent (2) are such
t hatircentlbon pl compedises of the core is-extrenely unlikely. The core can
_therefore be selected for its |ow resistance and physical properties,

wi t hout worryi ng about corresion thereof. The core can be a single wre,
which is pl&feaabbntahuam&mjehung&meefbanxbbeacptarahubh de separate core

el ements whi Cthﬂm%ts%g JP@ material havmg a resistivity

at 23°C of less than 5 x 10 4.ohm cm,
preferably less than 3 x 10f5 ohm.cm,
particularly less than 5 x lofs.ohm.cm,-eg.
~copper or another metal, and which has a
- resistance at 23°C of less than 10 2

ohm/ft (0.03 ohm/m, preferably less than
o

10 ohm/ft (0.003 ohm/m), particularly -
less than 10”* chm/ft (0.0003 ohm/m); -
and

(2) an element which
(i) is in electrical contact with the core;

(ii) is composed of a conductive polymer
having an elongation of at least 10%;

(iii) provides substantially the whole of the
electrochemically active outer surface
of the electrode; and '

(iv) has a thickness of at least 500 hicrons,
preferably at least 1000 microns.
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up the core.  Contact between the conductive polyner surface of the
el ectrode and a cenducting surface shoul'd be avoi ded and for sone uses,
el.ectrode preferably conprises an el ectrol yte-perneabl e non-conducting
shiset d over the el ectrochénically active surface. Such a shield can be
provnded’by a shielding elenent, eg. a braid or nesh or perforated tube,
which s conposed of an electrlcaleha-nsuIatlng material and provi des 10
to 90%,_ usually 10 to 50% of the total outer surface of the electrode. In
anot het"enbodi ment of the invention, the electrode is in the formof a

| ayer of conductive polyner which is secured to an insul ating layer on the

substrat ere ThE £8Y B SRR P UM Tof 4 61 8BPLAE p 2Ny mRONT.

for exanple by wa conducti ve mer _tape aroun e substrate. A
pref er r eddebined N?lﬁ?qgu?QinﬁﬁkﬂlRRF%d¢§ ej glegtrarbemicaddyer abl e

article active cuRER Iﬁ{ﬁé&%f%%w@tra@éynﬁmeﬂdﬁhgeobq degcover the
article around the substrate. The insulatin ayer can be"fornmed on the

substratesaéeéY%@WaﬁﬁﬁaQRﬂQQE?%NPoP°¥“%an§gPE?Pﬁg(aﬁd C@N&ﬁﬁﬁﬁnalayers
can be applored t@etdifi cknd¥€nahdiCe tOR Hﬁibﬁeoﬁobﬂ@w’edts (@pldd as (or as

part of) cOo erable articl the article , for exanpl e,
heat-reco@%Fﬁb ertal s¥BPspre of éggsﬁ&ﬁﬁw%§ QXEXARRLY t 0 obt ai n

adequat e dirﬂ.tmaw orrmé ébeei GRnCShedeEbkEC e @éqrecttba Eudupd ve pol ymer
aver. Tt YdsTu SR8 hE bRYs 2R Brbpd e AR Hsiy G
" . about corrosion thereof. The core can be.a single

wire, which is preferably stranded, or there can be a

f plurality of separate core elements which together make

‘up the core. B .. '

Contact between the cohductive polymer surface of

the electrode and a conducting surface should be
avoided and for some uses, the electrode preferably
cohprises an elecfrolyte-pe:meable non-conduct ing _ o
shield 6ver the eleétrochemically active surface. Such
a shiéld can be provided by a shielding elemént, eg. a
braid or mesh or perforated tube, whigh is composed of
an electrically insulating material and'provides
10 to 90%, usually 10 to 50%, of the total outer
surface of the electrode.

In another embodiment.of the invention, the
'electrode is in the forﬁ of a layer of conductive polymer
which is secured to an insulating layer on the substrate.
The layer of conductive poiymer can be applied in any
manner, for example by wrapping a conductive polymer tape
around the substrate. A preferred way of applying the
conductive polymér is to make a recoverable article
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conductive | ayer and t he |nsulat|ng Iayer or mnthln t he conductive Iayer -
q.lé%%thls enbodi ment, the inpressed current does not begin to flow unless t he ;

v

strate is exposed to electrolyte through a hole in the Iayers covering-- ,

" The conductive |layer can therefore be the outer’ | ayer which is \J ﬁ
directly exposed to electrolyte, ‘'or it can be covered by an insulating .
| ayer. Conductive pol'yners are well known, eg. for use in electrical :
heaters and circuit control devices, and conducti ve pol ymers suitable for:
use in the present invention cdirbe sel ected fromknown material s havikmg
regard to the disclosure in this specification. The resistivity of the
conductive polyner at 23Cis preferably 0.1 to 10ohmcm. particularly 1 to"
100 ohmcm especially 1 to 50 ohmcm |f the amount of conductive filler
ds 'Eéﬁﬁi‘i%‘inonh@JCébndiﬂ:tﬁeth 1{Hercapduehiel b 'r%ézﬁ} 0.1 ohmcm ,
t he ysi ca 1- praop ertles especi al | y el ongat i on, t he pol yner
becoEEeuﬁ§§ﬂF%%uﬁq9%P rﬁp?hﬁukﬁﬁyﬁﬁﬁ |STBFfﬂP@Mh§ﬁRP§ﬂiﬂ1$rlf t he

resi ganVidey fiorn@d con Nele 18ubBErate aBe atlsePariie %@ﬂaé%ﬂ Sot 0 neet
: current denS|t requirenent The cqQnductive palyner will preferably pass a

curré& tingrand Fant 't“’El['Sr BY®ESe GAterRe ARBL 384 | east 10 [err]
Undeltobh&lﬁtﬂ.dl twwas aﬁeA&%@Etiae( rPCisaraiﬁ—ﬁéd) &8. fovol ts versus

?Pefggié%5ﬁesﬂg N S e A léf]ghe artzggethe elg?trode has good |

-for example,- heat-recoverable or solvent-recoverable or
elastomerlc. '

~ In order to obtain adeqguate distribution of the
impressed current over the conductive polymer layer, it is
often necessary for bus bars to be placea between the

conductive layer and the 1nsulat1ng layer or w1th1n the
‘conductive layer.

In this embodiment, the impressed current does not
begin to flow unless the substrate is exposed to electrolyte
| through a hole in the layers covering it. The'ecnductive '
layer can therefore be the outer layer which is dlrectly

exposed to electrolyte, or 1t ‘can -be covered by an-
insulating layer.

Conductive polymers are well known, eg. for
use in electrical heaters and circuit control dev1ces,
and conductive polymers sultable for use in the present
invention can be selected from known materials having
regard to the disclosure in this specification.

The resistivity of the conductive polymer at 23°C

is preferably 0.1 to 103 ohm.cm, particularly 1 to 100
ohm.cm, especially 1 to 50 ohm.cm. If the amount of
conductive filler is increased too much, eg. so that
- the conductivity is below 0.1 ohm.cm., the physical



K —
conductive pol yner preferably has an elongatlon of at least 10%

particularly at |east 25% as determined by the nmethod of ASTM D 1708 on a .
pressed filmsanple (2.23 X 0.47 X 0.13 cm) at a cross-head speed of 5 @

cmkwi n. So that the conductive pol ymer can easily be shaped, it preferabl
has a €l t. viscosity at its processing tenperature [which is preferably

‘W thin 300C of its softening point (melting point for a crystalline
polymer)] of less than [err] p0|se1 particularly less than 107 poise. [Melt
Vi schsit-ies referred to herein are %easured wi th a nmechani cal spectroneter
on a pressed filmsanple 1 mmthick, using parallel plate geonetry at 10%
strain and a shear rate of 1 radian/second.] Shaping of the conductive
polyner is preferably carried out by an extrusion process. Shaping should
be eff ecpedpertdesy espedtiahiyrelongatiohe ofnthet ipodymdrd dredameresent in
sati sfactary o] f gge -12- The
polynerlkgha @%E%E?ﬁg %gﬁdgég éSgKQFE %Q dq%%%?ﬁﬁ%&ﬁiﬁéﬁ%ﬁ ‘one or nore
pol ymers, Iﬁ/\/rﬁhm lmﬁyl%élYﬁQYrmglm9F§c§haDu519er91'm athert$pl asti c rubbers,

and whi clyjale Jued eéf’@éﬂtg F get ‘EQ ﬁaQe‘i:h%hrtr g% %d"sﬁtt{ie:gé hede s ne

electrode IS I n use polyners inclu ol ef i'n *honopol yners and
copol ymerBre e@onwiybvﬁypehxmaﬁdWétlﬂymmmY RASH A CHBPRNY e S;

fluori natﬂ,gp{*ngfsategeag@ WV iy ch‘?enqngﬂél%fétfemyl le i dene fl uori de/
hexafluoroprqg ene_copel yners; ¢ Iorlnated pol yol ef 1 ns, chl ori nat ed

pol yet hy| X8RSt 2} BA/§Rave UPBEethe RROIFHIRARS (% 4$TMe$56? t he conductive’

polyner; (sample polarised to +3.0 volts versus an SCE in 0.6

- molar KCl solutlon at 25°C).

* ..S0 that the electrodé has good flexibility, the
condﬁctive polymer preferably has an elongation of at
least 10%, partlcularly at least 25%, as, determined by
the method of ASTM D 1708 on a pressed Film sample (2 23
X 0.47 X 0.13 cm) at a cross—head speed of 5 cm/min.

- So that the conductive polymer can easily be
shaped, it preferably has a melt viscosity at its
proceésing temperature [which is preferably within 30°C
of its softening point (meltihg point for a crystalline
polymer)] of less than 108 poise, partlcularly less than
107 poise. [Melt viscosities referred to herein are
measured with a mechanical spectrometer on a pressed f£ilm

~sample 1 mm thick, using parallei plate geometry at 10%
strain and a shear rate of 1 radian/second.] Shaping of
the conductive polymer is preferably carried out by an
extrusion process. Shaping should be effected in a way
which ensures that the conductive filler is present in

satisfactory amounts on the exposed surface of the
electrode.



have good resistance to corrosion. Metal fillers are, therefore
gevally to be avoided for use with nost corrosive liquids. Carbonaceous
¥¢rs, especially carbon black and graphite, are preferred Cther fillers
~h may be useful under suitable circunstances incl'ude ‘netallic oxides, ~\)
eg. /magnetite, |ead dioxide and nickel oxide. The filler is preferably
particulate with a | argest di mension | ess than 0.1 mMm particularly |ess
than 0.01 mm the. filler may contain, in addition, a mnor proportion, eg.
up to 30% by merght of a fibLpps fiIIer t he Iength of the fibers usugly
being less than 0.6 cm The conductive polyner can al so contain other
conventional ingredients such as antioxidants, non-conducting fillers and

" process aids. The conductive polynmer can be cross-linked, eg. chemcally or: .
by irradiation.. - -13- Substrates which can be protected by the present
invention include pipes, |ead-sheathed tel ephone cables, well-casings, _
re|nforcrmmdxpdaymepﬁ@cmatezksbfrpheleonduduxué fald down with the
‘reinforcing bars a.% ? gongrete cast ,around t %?ﬂgnd tanks and vessel s
cont SO R ¢ *+ UPHE . OFBOL S, PPAYPE o ¥ i R®be buried in
sorlUmenmup&asttea,seabhateronrthﬁp@&giasxndmrubbsn$heand(mhen corrosion

conp i, Ak, FEAERE 1P sleleda SR AN ne S0 SHBEL ARLERME' (0 Lo °°

pr ot edres. thb\oebeChnoéeeImctlmm-carsme:m p@lmetectncﬂtudearre

'Sumﬁéfgf&n homopolymers ‘and copolymers, eg. polyethylene and
ethylene/ethyl acrylate copolymers- fluorinated polymers,

. eqg. polyv1ny116ene -fluoride and vinylidene fluoride/

. hexafiuofopropylene copdiymers} chlorinated polyolefins,

eg. chlorinated polyethylene; and éérYlate rubbers.

The conductlve filler of the conductlve polymer
must have good reszstance to corrosxon. Metal fillers
are, therefore, generally to be avo1ded for use with most _
corrosive ligquids. Carbonaceous flllers, especlally
carbon black and graphite, are preferred. Other
fillers which may be useful under suitable circumstances
include metallic oxides, eg. magnetite,llead dioxide
‘and nickel oxide. The filler is preferably particulate
with a largest dimension less than 0.1 mm, particularly
less than 0.01 mm; the. filler may coniain, in addition,
a minor proportlon, eg. up to 30% by weight, of a _
fibrous flller, the 1ength of the fibers usually being
less than 0.6 cm. | | '

The conductive polymer can also contain other
conventional ingredients such as antioxidants,
non-conducting fillers and process aids.

- The conductive polymer can be cross-linked, eg.
chemically or by irradiation.




The el ectrodes can be powered fromboth ends or fromonly one end, in which_.
case the far end of. the electrode is preferably sealed, eg. by a &
heat - shri nkabl e end cap. Referring nowto the drawi ngs, Figures 1 and 2 [%EB'_
criass-sections through strip el ectrodes conprising a highly conductive co '
12 which is surrounded by a conductive polyner element 14." In Figure 1, the

el ement 14 is surrounded by polyneric braid 16. In Figure 2 one side of

el ement 14 is covered by insulating tdyer 26 which is in turn coated with
adhesiwve 28, nmaking the el ectrode suitable for sticking to a substrate.

Figure 3 is a cross-section through a pipe 30 whigch is protected by neans
of a conductive-ﬁﬁgﬁﬁﬁaﬁﬁﬁﬂﬂn¥ﬁh3QEPf$%rﬁ%PEﬁ°§ﬂ¢ih¥iﬁgeaPESﬁﬂBEtive

pol ymer t ubdn¥etitidorindludetpiies pybead-shedthed dtelephéndi pab1EBG pi pe
and 5. show TERRSFARLINA nORLTFORTA HREE CORERerbatBof SEEIPPLEFTode i n-
t he form of txodleseicarcde dsaihalown witlyutive SreinfoFcingebdysmandl nesh 46
i s enbedded i [ ol: I 44 ' LS p from
-14- pipe 46h%§%qﬁ§ﬁ%#%r$§%é;%gggﬁﬁ éggﬁqg%?%hgggﬁétgﬁssgégéggg is placed
bet ween congentiaining yeasrro Bidel. | nThe asubgtrayer cda hkch surrounds
pi pe 50. Th%g%@liﬁ Hel'b e°d“§ﬂ< $0i1 Nor | iRMeAELAT10¥ER 53t§¥ 8g

hesi WN 4 by a

insulating a ve (not sho and to the conductive | ayer
conducti ng &¥Pe&ede tq ke AHdrspherquiehen seerrosionr asngauspdef different

el ectrode MEcR ieddnplidle BEedin OPiséacspbay) e phecsduserdescwibad

' often be composed of ferrous métal, but many other
conductive substrates can be protected. Two oOr more
electrodes can be used to protect the same substrate.,
The electrodes can be powered from both ends or from
only one end, in which case the far end of the electrode
is preferably sealed, eg. by'a heat-shrinkable end cap.

Referring now to the drawings, Figures 1 and 2
are cross-sections through strip electrodes comp:isihg_
a highly conductivé_core 12 which is surrounded by a
conductive polymer element l14. 1In Figure 1, the
element 14 is surrounded by polymeric braid 16. In
Figure 2 one side of element 14 is covered by insulating
layer 26 which is in turn coated with adhesive 28,
making the electrode suitable for sticking to a'substrate.

Figuré 3is a crossésegtioh_thrdugh'a pipe 30
which is protected by means of a conductive polymer
electrode 34 formed by sh:inkihg'a conductive polymer
tube_around an insulating layer 32 shrrounding the
pipe. The pipe 30 and the electrode 34 are connected
bylleads 36 to battery 38. Figures 4 and 5 show
different methods of bussing_aICOnductive polymer
electrode in the form of a sheet, eg. as shown in
Figure 3. 1In Figure 4, metal mesh 46 is embedded in a
conductive polymer layer 44 which is separated from '



ahove for measuring the Quasi-Tafel Constant. Results are shown for
QaNduct i ve pol yner conpositions 7 and 9 in the Exanples beIOM/(IabeIIed e

9 respectively), for a platlnun1d|sc (labelled Pt), for a

ol at i num coated wire in which the core is niobiumcoated copper (labelled .
Pt/Nb), for a platinumcoated wire in which the core.is titanium(labelled
Pt/Ti), for a graphite electrode (labelled G, and for a glassy carbon

el ectrode (labelled GC). The dashed lines in Figure 6 are the Quasi-Tafel
Constants. The vertical axis of Figure 6 shows the voltage on the SaAME.4agi -
scale for all the electrodes, but for clarity (since it is the slope of the

El ot, nopipés4ebbel uheulnletlxhk;orl,am ARJ S IﬁTFEle r?m %5 mi@tdﬂi the pl Fts have
eentran vertica ot.ed that, the conduct € polyner
electrodﬁégﬂ gssﬁﬁs e§IRgﬁ?ﬁﬁﬁﬂ'93§hﬁt‘ﬁﬁeﬁ°¥iﬁﬁﬁ T%efh%¥ t he known
el ect r odand isnshlahéngxdamerorsmfwhﬂoh |suruounadsecpipea510um thee. However,

Jat | o anglb sEoRah Bet BHGROYo i AT NS Adyd e b ADY 48, |2, Tl URrY
resistivingubating aﬁh&mwm c((nOé'- mmm ‘ltchetlpe otonduetivee 6 has a .

=

hi gh sl opgyat 5@WbgUh’ @haddts ve | @rus! ,the current
densities |n thhe?range of 150-500 n1é%oanps/[erri st likely to be used
in practice over .the Iength of nost of the electrode. - -15- Figure 7
égows how tpem@&rsum umab:l |ﬁﬁgté1 rﬂfmb’fb"t W@i%ﬁét@&t%lécéf’édeaf 3'
reg;;g?fs rl fs?n%ﬂe %@suﬁ % é[brréﬁi“%é%ceéhrégéeLcSiéeS e)

above for measuring the Quasi-Tafel Constant. Results
are shown for conductive polymer compositions 7 and 9

in the Examples below (labelled 7 and 9 respectively),

for a platinum disc (labelled Pt), for a platxnum-coated
wire in which the core is niobium-coated copper (labelled
Pt/Nb), for a'platinum-coated-wire in which the core is
titanium (labelled Pt/Tl), for a graphite electrode
(labelled G), and for a glassy carbon electrode (labelled
GC). The dashed lines in Figure 6 are the Quasi-Tafel
Constants. The vert1ca1 axis of Flgure 6 shows the
voltage on the same scale for all the electrodes, but

for clarity (since it is the slope of the plot, not

its absolute.positzon, which is important) some of the
plots have been transposed vertically. It will be

noted that the conductive polymer electrodes have
substantially higher Quasz-Tafel Constants than the

known electrodes, with the ‘exception of platinum-coated
titanium wire. However, quite apart from its high

cost, pletinum-coated'titanium wire is not very satisfact-
ory as a long line electrode, because of the relatively
high resistivity of the titanium core and because the
plot in F1gure 6 has a high slope at low current
densztles but a low slope at the current densitxes in

the range of.150f500 m1croamps/cm2 most likely to be _
used in practice over the length of most of the électrode.



maki ng reasonabl e assunptions as to nunerous variables.in a practi cal —
system eg. the resistance per unit length of the anode and substrate, t :
geonetry of the system the.resistivity of the electrolyte and the curr fak
damgltles required for adequate protection. In constructing Figure 7, ith

was assumed that the anode -and cathode would give straight |ine plots in
Figure. This is not in fact always strictly true, but Figure 7 remains
substantially correct when a neasuped Quasi-Tafel .Copstant is used. For any
par tygutar system once the differéent variables have been defined, a figure

i ke Figure 7 can be constructed to show how t he maxi num usabl e | engt h of

the anode varies with the Tafel Constant. The'invention is illustrated by
the foll owi ng_Exanpl es,. . in which rts and percentages are by weight. The
Lngredients o?lﬁﬂnBCBnébeﬁﬁv§°ﬁbﬁ$ﬁbﬁ§ﬁﬁﬂﬁﬂ|4F§ ?Bs°ére set out in

the Tablgn hﬁ)@a@wk;adaeymne thex qhFledg difdt ddt & &anﬂué YaRba8r abender -
m xer untl%ua unlfo ure had heen obta ed.. The re5|ft|V|t|es given in
t he: Tabl ¥hetRe nE3E Pgﬁ {HRSReFE LY ¥ xt ur es. -16-

TABLE 1ﬂ&xﬁnglteasoNab1e assumbtlonsihs to(humerdus vabiable$ 7
8 . 9. 10 % rs.T ernDpIas ¢ Rubbge 60 44. 8
45 e5in a pﬁgc i n§5§xﬁ Ge Lhe Yesistance per unij

Et hyl enelengyhi ofathé anode and éﬂbstnnﬁqnethe geometry of the
system, the resistivity of the electrolyte and the
':current densities required for adequate protection.
‘In constructing Figure 7, it was assumed that the anode -
-and cathode would give straight 1line plots in Figure 6.
This is not in fact always strictly true, but Figure 7
remains substantially correct when a measured Quasi-Tafel
Constant is used. For any partlcular system, once the
different variables have been defined, a figure like
Figure 7 can be constructed to show how the maximum
usable length of the anode varies with the Tafel T
Constant. '

The invention is illustrated by the following
Examples, in which parts and percentaées are by weight.
The ingredients of the conductive polymers used in the
Examples are set out in the Table 1 below. They were
mixed together in a Banbury or Brabender mixer until a
uniform mixture had been obtained. The resistivities

given in the Table were measured on slabs pressed from
-the various mixtures.
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vinylidene fluoride 68 . :

e Vinylidene fluoride/ 6 hexaf | uor opr opyl ene _
é yner - Chlorinated polyethylene Rt
65 Acryl ate rubber S |
244 Conductive Filler Shaw ni gan Acetyl ene 40 50 -
32 35 Bl ack Stat eX|5N 765 : 40 Carbon BI ack ‘Furnex N
765 : 23 55 35 50 55 Carbon
Bl ack Additives Antioxidant ' 0.2 . A
0.2 0.1 Radi at'ion cross-linking - 1 agent Processing Ald
5.0 5.0 4 f ¥°3) gi uy Car bonat e ' : 2
3.0 Resistivity at [err] (ohmTny 20 4 11. 4
12.5 2.5 0.6. 2.0 29 -17- The various ingredients-are further

%%giﬁ@nagof ol l owsy The 4 her nppl asgic rgbber gnas Uni royalg TPR 8900 j
and Uniroyal TPR 5490 in Conpositions 4, 5, 6, 7 and 8. T e

%’Enyl i dene fluoride was Pennwalt Kynar 460 in Conposition 3 and Sol vay

ol er 1010 in Conposition 9.. The vinylidene fluoride/hexafl uoropropyl ene

TherRRpYasYic Rasbdu Porgo Viton AHV. Thedsl8 ousnat €8 pol wetdyl @ge was Dow
CPE-12 Il. The acrylate rubber was Goodrich Hycar 4041.

Polyethylene - 24 : '

Ethylene/acrylic acid’ : 36 .
ccpolymer : :

Polyvinylidene fluoride _ 68 - ' _ - 36,5

Viny.lidene fiuoride/
' hexafluoropropylene copolymer

()]

" Chlorinated polyethyler_ie' ' A | _ . 65
Acrylate rubber

Conductive Filler

Shawinigan Acetylene 40 . 50 32 35
Black :

Statex N 765 | 40
Carbon Black |

Furnex N 765 L | 23 " s5. 35 50 55
Carbon Black :

Additives _
Antioxidant ' 0.2 0.2 0.1

Radiation cross-linking 3 o
agent

Processing Aid 50 _ 5.0 4.0
Calcium Carbonate - 2 | 3.0

Resistivity at ’ _
23°C (ohm.am) 20 4 1.4 12.5 - 2.5 0.6 2.0 28




Tabl e 2 bel ow gives the Quasi-Tafel Constants for Cbnpbsitions 4 and 6-10
and for various commercially avail able el ectrodes. TABLE 2 Quasi - Taf el ) )
Constant Conposition 4 . . 462 Conposition 6 7Y

47 -Conposition 7 I 530 Conposition 8

449 Commposition 9 . 689 Conposition 10 s
330 Plati num Di sk - 45 J assy Carbon el ectrode
165 G aphite Rod -17- 211, 177 & 166 Pl ati num on -
Ni obkun* coat ed” 119 & 74 Copper wire Platinumon titanium
wre : 919 & 633 -18- Exanple 1 An el ectrode was made by

mel t - ext r udi ng Cbnp05|t|on 1 around a nickel -pl ated copper stranded wire

(19 strapgs, VZPlaaygen?%arﬁh% Qrk ®FortiHegi V&wlﬁi%t£9d909100563 cm
di.aneter. A 30 cmlen Ssteel pipe_of dianmeter cm was cover ed by

heat - shr & Fhéﬁ?ﬁ?ﬂﬁ&tﬁGlﬁ&hﬁﬁﬁaﬂ?ﬁtﬂﬂ%ﬁPY#% TRR %?Gelénof the pipe, a
1. 25 Cm(%ﬂﬁoﬁithanoﬁ ahad TUHQI ritfy 412 STF e NSY/Egl, uexc@ﬁpagxe@ohsrm] of the

Phat no Sonfact #88 fade T B0 ”°d1¥£qazs SSELRSEiA0 g BeRualRsL o S e
end of thgnakeQ§DOda Composition 3 and Solvay Solef 1010 in -
Composition 9. The vinylidene fluoride/hexafluoropropylene
copolymer was Du Pont Viton ABV. The chlorinated
polyethylene was Dow CPE-12 II. The acrylate rubber.
‘was Goodrich ‘Hycar 4041. ' s

Table 2 below gives the Quasi-Tafel Constants fdr-"
Compositions 4 and 6-10 and for various commercially
available electrodes.

TABLE 2
Quasi-Tafel Constant:

Composition 4 462
Composition 6 472
Composition 7 530
Composition 8 449
Composition 9 _ 689
Composition 10 - o : . 330
Platinum Disk o ' - 45
Glassy Carbon electrode 165 _ _
Graphite Rod 211, 177 & 166
Platinum on Niobium-coated 119 & 74

Copper wire

Platinum on titanium wire : 919 & 633
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was connected to a DC power supply, to mhlch one end of the plpe was al so

nected. The other end of the electrode was insulated by a polyneric end

The pipe and el ectrode were imersed in sea water, and fhe power

ply adjusted to maintain the pipe at a voltage of 0.92 volts cathodic t
an/SCE. © No rust was visible on the exposed portion of the pipe after 60
days A pi pe which was S|n1IarI% treated, but not protected from corrosion,
showed rusting within 24 hour 1 -19- Exanple 2 1.9 mof the el ectrode. of
Exanple 1 was buried in soil of 3000 ohmcmresistivity and pH 5. 2. 5 R -
above the el ectrode, a 5 cmdianeter steel pipe was buried in the sanme soi
to a depth of 10 cm The pipe was coated with insul ating material except
over an exposed surface of 10Example The free corrosion potential of the
pi pe was -0.56 volts .relative to a saturated copper-copper sulfate
el ectrode. The pipe and anode were- connected to a DC power supply which
was adj ust Ad diebyrbdemmaanmadatﬁy;meﬁxfextﬁudlnglCempebatuwa o t he

P SaNE) nifksTi 1Rk Siliber S added N Ere PEOCHEERRRS 28, 0750 °
par aggeme:esdzametetro 0513 am)3.texgine ca® ebechrofiet bd .63 ramde of Exanpl e

1, geafdel¥ .2 nylon braid, was placed inside a 30 cmlengthof 10 cm
dlaneter steel pi pe mhose interior was coated wth

A 30 cm length of steel pipe of diameter 5 cm was,
covered by heat-shrunk insulating polyethylene tubing. .
- In the mlddle of the p1pe, a 1.25 cm wide strip of the
_f' tublng was removed, exposing 20 cm2 of the pipe. A
30 om length of the electrode was secured to the pipe,
making sure that no contact was made between the
exposed pipe and the electrode. One end of the electrode
was connected to a DC power supply, to which one end of
the pipe was also connected. The other end of the
electrode was insulated by a polymeric end cap.
The pipe and electrode were immersed in sea water, and
the power supply adjusted to maintain the pipe at a
| voltage of 0.92 volts cathodic to an SCE. No rust was

visible on the exposed portion of the pipe after 60
days.

A pipe which was similarly treated, but not _
protected from corrosion, showed rusting within 24 hours.



A

epoxy resin except over a 0.6 cmw de strip. The pipe was filled wth sea
wat er and polarized to.-0.92 volts relative to an SCE. The current
required was 1.21 mAinitially and 0.7 mA after 68.5 hours. Over 60
(during which tine the séa viater was repl eni shed occasionally), no r

forme on the protected pipe. In a control pipe which was simlarly treated
but not protected fromcorrosion, |arge quantities of rust appeared.

- 20- Exanple 4 After attaching an_gdectrical lead thereto, a 2.5 x 7.5 cm
plece,gi sheet~ steel was covered Wth an insulating adhesive A2.5x 7.5X
0. 04 cm conductive sheet prepared from Conposition 2 was stuck to the
adhesive, and an insulated electrical |ead was attached to the conductive
sheet. A section of the steel, 0.63 cmin dianeter, was exposed by cutting
throlgh the conductive sheet ancEX@MBi®y2ng adhesive. A drop of water
contai ning 3.5% NaCl was placed on the exposed steel and made contact wth
the conductive sheet._ The | eads were connectegst a DC_power_ supply and the

steel pol arizde % @ Qf dheceleckepde; 9f Ezanp WRS: BSR4 sHhpl e was

simlarl gggands L@d@@i SR SOl &egisamvaulaaal B rmla/.etfwlameaxsdswt was used
i nstead of the c gtlve heet h sa s wer e tested [ n,agccordance

with ASTI\WGME]??F 194@r 34°h50r gla{“ﬁ%eé’oﬁ‘t FIRR FAB PTG and t he
prot ect ect e Nphife \86iD0to BxaAepkh DECUP@M . i The3 p%peabfésudedted a 4.6 cm

di amet er with insulating material except over an exposed surface

. of 100 cm?. The free corrosion potential of the pipe
was -0.56 volts reldtive to a saturated copper-copper

" sulfate -electrode. The pipe and anode were connected

" to a -DC power Supply which was adjusted daily to
‘maintain the pipe at -1.0 volts relative to the copper-
copper sulfate electrode. After 12 days, the current
flow was 4.6 mA. The level of protection obtained
satisfied NACE Standard RP-10-69, paragraphs 6.3.1.1 to
6.3.1.3. _ -

Example 3

30 cm'of the electrode of Example'li covered'by a
nylon braid, was placed inside a 30 cm length cf 10 cm
diameter steel pipe whose interior was coated_with
epoxy resin except Qﬁer a 0.6 cm wide strip. Ihe pipe
was filled with sea water and polarized to -0.92 volts
relative to an SCE. The current required was 1.21 mA
initially and 0.7 mA after 68.5 hours. Over 60 days
(during which time the sea water was replenished
occa51ona11y), no rust formed on the protected pipe.
In a control pipe which was sxmllarly treated but not
protected from corroszon, large quantities of rust
appearedf
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0.8 nn1thick .tube. The tube was irradiated to 10 Megar ads and then expanded i

.3 cmdianeter and cooled in the expanded state to nake it
¢ shrinkable. A 30 cml-ength of 5 cmdianeter steel pipe was
S

- bl ast ed and sol vent - wi ped, and then insul ated by shrinking over it a \)

heqf-recoverable i nsul.ating polymeric .sleeve lined with a hot nelt

adhesive. A patch of |nsulat|§% adhesi ve was applied to one side of the

i nsul ated pipe and a copper bus“bar placed on the opposite side. The tubing -

prepared from Conposition 3 was shrunk onto the insul ated pi pe, and one_gpd

of the assenbly covered with a heat-shrinkable -21 - end cap. A section

.of the pipe 0.63 cmin dianeter was exposed by cutting through the covering

. layers, including the patch E&xamplesid&e. The pipe was placed in an aqueous

salt solution (1% Nad, 1% [err], 1% Na2C33) such that the exposed pi pe was
conpletely wetted, and the pipe and-bus bar were connected to a DC power
supply suchftaatathacbnpq s elmiattiionll head. Ykérevblsacat hodic to an SCE.

. A pot igl=0 % n 0 e of 2.5 mA. No

rust %ﬁoe&%dgoﬁmt l'egéfm%?e qa|pe uer‘T?inq"gé 4%%%%?%%2%* (%hl od. Exanple 6 A
pol arinselabingra dhnﬁs-vpr-epaﬁe’td-sdﬁ 'é-%yxlﬂdﬁﬁcam samiluet(i@e%B cm

SRR beBpAse b cter Ui S5 3 R SBuSR KBrihe, 0 T[T hei

t enperdkes éveas apdCamd nsil afedriectr beal odeadavass ot tiasheshd of a

p' at'EH”\:ﬁleefébhﬂ%n'Je Vﬁ?eé@.“”dAtEé&ti‘on of the steel, 0.63

em in diameter, was "exposed by cuttlng through the

conduct1ve sheet and underlylng adhesive. A drop of

.. water contalnlng 3.5% NaCl was placed on the exposed
steel and made contact w1th the conductzve sheet. The
leads were connected to a DC power supply and the steel
polarized to -0.96 volts relative to an SCE. A ‘control
sample was similarly'constructed exeept that an insulating

' polyethylene sheet was used instead of_the'éonductive

sheet. Both samples were tested in accordance with
ASTM G44-75. After 24 hours, the control sample was
corroded and the protected sampie was not.

-

Examgle 5.

Comp051t10n 3 was extruded as a 4.6 cm diameter
0.8 mm thick tube. The tube was irradiated to 10 Megarads
and then expanded to 8.3 cm diameter and cooled in the
expanded state to make it heat-shrinkable. A 30 cm
length of 5 cm diameter steel pipe was sand-blasted and
solvent-wiped, and then insulated by shrinking over it a
heat-recoverable insulating polymeric sleeve lined with a
hot melt adhesive. A patch of insulating adhesive was
applied to one side of the insulated pipe and a copper
bus bar placed on the'opposite'sidee The tubing prepared
from Composition 3 was shrunk onto the insulated pipe,
and one end of the assembly covered with a heat-shrinkable’



vol'tage of 0.45 volts relative to an SCE was the point ©of greatést anodic

protection. An electrode as in Exanple 1 was then used to provide anodic
pr.otection for the cylindrical sanple. The imrersed surface area of the
el gctrode was 10 [err] and the imersed surface area of the sanple was

cn2. The_.el ectrode and the sanple were connected to a DC power supply a
the s nple was mai ntained at a potential of 0.446 volts relative to an SCE
for 48 hours; at the steady state, _the 'average current was about 2

m cragnps. The.-wei ght | oss of the=3Afple was about 0.16% A sinilar
sanmpl e, unprotected, suffered a wei ght |oss of about 26% -22- CLAIMS 1.

A method of pr-otecting an electrically conductive substrate from corrosion,
whi ch net hod conprises establishing a potential difference between the

subfst r at @A dp di ZALs@utednebcCthed ipeoDs 63 i rlcrcfﬁraméwd wasive O:Jt er
surface i s _provide S _CQMpos a conductive pol ymer
havi ng arf *ﬁ%ﬁﬁéﬁ%%n %FgéFglgggpuﬁgg §ﬁjqﬂY%ﬁ+WQ; y?i%&tlgﬁg %?E?ons
thick. 2.the /patthodfaedheding.t o THeaiphge wes epYa¢é® imwndnctive pol yner
elenent is

e oot T PR e S B et L O e

at | east 300
millivol tRa @andsuohemhatcuheemxpmseﬂtBapeuupsctompletelﬁoo m cr oanps/ cm
4,

A ”ﬁ$@99e3008£8'@ﬁe Bife?idha® BUF A Wdife CEETALELES to a DC
power supply such that the pipe was malntalned at 1.425
volts cathodic to an SCE. A potential of 3 volts was
‘required, and produced a.current of 2.5 mA. No rust

- appeared On-the.exposed-pipe'dufing'a 48 hour test
period. : '
- Example 6

. A polarization curve was prepared for a cylindrical
sample (0.953 cm diameter) of Type 430 stainless steel -
immersed in HZSO4, 1.0 normal, using a graphite cathode,
following the procedure of ASTM G-5 except that the
temperature was 23°C and the graphite electrode was used

instead of a platinum electrode. It was found that a

voltage of 0.45 volts relative to an SCE was the point of
greatest anodic protection.

_ An electrode as in Example 1 was then used to provide
anodic'protectioh'for the cylindrical sample. The
immersed surface area of the electrode was 10 em? and
the immersed surface area of the'sample'was 5.1 cmz.

The electrode and the sample were connected to a DC
power supply and the sample was maintained at a potential
of 0.446 volts relative to an SCE for 48 hours; at the
steady'state, the}average current was about 2 microamps.
The weight loss of the sample was about 0.16%. 2

similar sample, unprotected, suffered a weight loss of
about 26%. '
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-has a Cpa5| Tafel Constant of at |east 400. 5. A nmet hod according to
Za n14 wherein- the el ectrode has a Quasi-Tafel Constant of at |east 500.
A-met hod according to any one of the preceding clainms wherein the
afducti ve polynmer has a resistivity 3 at [err] of 01 to 10 ohns.cm and
~an elongation of at |east 10% 7. A met hod according to Claim6 wherein
“the conductive polymer has a resistivity of 1 to 100 ohmcm 8. A net hod
according to Caim6 or 7, char &4%tised in that the conductive filler: IR
t he conductive polyner is carbon black or graphite. . -23- 9. A nebﬁqd
according to any one of the pﬁ§¥ﬁgng clai ns wherein the conductive pQIyner
wll pass 2 a current’ denS|t9£ | east 10.mllianmps/[err]. 10. A nethod
according to any one of the precedlng clalnB wherein the electrode is in

t he form of i I nd a '
conduct?be po kh§£°a :#Eéﬁﬁg%) |ng %%f%gfgﬁ ébﬁ?ﬁgﬁﬁg according to-
Clai m 1sumscre|tn tfnromr fOnrdsiom which metm compr bseshestablishipgt he

| argest 4 d?&%@ﬂ%‘iaflr ftmmta{g 4[:9 e d@&@&éé&é& afld a 43stPEpatBll est.

di stance_ fromthe substrate to t
electrode whose electrochemically active outer surface is

' provide@ by an element which is composed of a conductive -
polymer hav1ng an elongation of at least 10% and which is at
least 500 microns thxck. '

2. A method according to Claim 1 wherein the conductive
polymer element is at least 1000 microns thick.

3. A method according to Claim 1 or 2 wherein the
electrode has Quasi-Tafel Constant of at least 300-
- millivolts/ decade over a current density range of 1 to

500 microamps/cmz.

4. A method according to Claim 3 whereln the electrode
has a Quasi-Tafel Constant of at least 400.

5. A method according to Claim 4 wherein the
electrode has a Quasi-Tafel bonstant of -at least 500.

6. A method according to any one of the preceding
claims wherein the'condnctiye polymer has a resistivity
at 23°C of 0.1 to 103 ohms.cm and anfeiongation of at
least 10%. - | ‘

7. A method accordlng to Claim 6 wherein the conductive
polymer has a resxstivzty of 1 to 100 ohm Cm.

8. A method accordlng to Clazm 6 or 7, characterised
in that the conduﬂ-ive filler in the conductxve polymer
is carbon black. oi'éraphite. ‘ -

' .
O
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Ef I's the | argest dinmension of- the substrate in a plane at right angles
to the axis of the electrode. 12. "A nmethod according to any one of clains
to.9 wherein the electrode is in the formof a |ayer of conductive pol ynyg
mﬁLgh Is secured to an insulating |ayer on the substrate. 13. A nethod
accordiqg to Caiml12 wherein the conductive polyner has been recovered
agai nst :the substrate. 14. A et hogyqiccording to Caim 13 wherein the
conductive polyner |ayer has been recovered against the substrate by
heat kng a cross-linked heat-recoverable article. ~-24- -15. A et hod
-according to Claim1l substantially as here- inbefore described. 16. A
flexible electrode which is suitable.for use in an inpressed current
corrosi on protection system and which conprises (1) .a continuous,

el ongat e Bl.exi il method doadrding woadd Ghe cofibtRé | prebfEding a resistivity

at Z230C of_,l_ess than 5 x ,10 Q C and ich h a resistance at [err]

of less- £ ,&?%ﬁﬁﬁﬂnﬁhﬁ;ceﬁﬁﬁiégvezﬁP %ﬁ%d?fﬁkrei5§i) isin

el ectri cala currant dernsity abra; Yeast 16 mbhpbampspéma. conducti ve pol yner

havi ng an el ongation of at |east 10% (iii) provides substantially the

whol e of the electrochenicaluy“active outer surface of the el ectrode; and
10. A method according to any one of the preceding

claims wherein the electrode is in the form of a
flexible strip which comprises a metallic core and a
~conductive polymer element surrounding the core.

11, A method according to Claim 10 wherein the ratio

b + D
_ a+?DbD
is less than 2, where :
. : b is the largest distance from the substrate
| ‘to the electrode, |
a is the smallest distance from the substrate
to the electrode, and |
D  is the largest dimension of the substrate

in a plane at right angles to the axis
of the electrode. '

12. A method according to any one of claims 1 to 9
wherein the electrode is in the form of a layer of
conductive polymer which is secured to an insulating
layer on the substrate. | ' '

13. A method according to Claim 12 wherein the conductive
polymer has been recovered against the substrate.

14. A method according to Claim 13 wherein the conductive
polymer layer has been recovered against the substrate '
by heating a cross-linked heat-recoverable article.

L
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V) 7has a thickness of at |least 500 microns. 17. An el ectrode according
aim 16 which has a Quasi - Tafel Constant of at |east 300

_ vol t s/ decade 2 over a current density range of 1 to 500° n1croanps/cm
i) An el ectrode according to Cl ai m 17 which has a Quasi - Taf el Const ant Q\j*
at |east 400. 19. An el ectrode.ggcording to Caim 18 which has a
"Quasi - Tafel Constant of at |east 500. -25- 20. An el ectrode according to-
any one of clainms 16 to 19 wherein the conductive polyner has a reS|st|V|ty-
at 23C of 0.1 to 103 ohmcm and an elongation of at |east 10% 21. Am;"

el ectrode according to Caim 20 wherein the conductive polynmer has a
resistivity of 1 to 100 ohmcm 22. An electrode according to any one of
clalmdSHStk)mﬂtNMQrecootdengohduClaun i Eubstiantliaa 1§0R@UHree pol yner is .

-

cartxn%éﬁésge fig. 23. An electrode according to any one of clains
.16 to erein t e conductlve polymer will pass a current 2 density of at
| east .10 mllianps/cm 24. An el ectrode according to any one of clainms 16 to

23 where n & LERIIEL4 SeFOFBPSRE GhienIbEhakaRIY BB, KRS 1Y A 220C

of less than 3 X [err] - o cn1an§ aresis ance at
ohn mefmBr essed 99F%#%%t¢%€§°§é€ErBFﬁQerlanysvﬁﬁeuh clalns 16 to 24 which

conpr i m¢ms¢5ﬁ§tﬂge§h| el d which is

(1)) a continuous, elongate flexible core which is
composeé of a material having a resistivity
at 23°C of less than 5 x 10~% ohm.cm,
and which has a resistance at 23°C of less
than 0.03 ohm/meter; and

-{2) an element which
(i) is in electrical contact with the core;

(ii) 1is composed of a conductive polymer.
having an elongation of at least 10%;

(iii) _prdvides substantially the whole of the
electrochemically active outer surface
of the electrode; and

(iv) has a thickness of at least 500 microns.

17. an electrode according to Claim 16 which has a
Quas;-Tafel Constant of at least 300 m1111volts/aecade

over a current denszty range of 1 to 500 mlcroamps/cmz.

18. 'An'electrode according to Claim'17'which.has e
Quasi-Tafel Constant of at least 400.

19. An electrode accordinglto Claim 18 which has a
Quasi-Tafel Constant of at least 500,

U [
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ﬁerneable to electrolytes ahd which prevents physical contact betme},
conductive polymer element and a flat surface on which the el ectrodfg
placed 26. An el'ectrode according to Caim16 substantially as

her ei nbef ore described. The text of the specification has been reprow- ed.

-by photpcopylng the applicants original typesoript. It may contain a few
anmendnents which are diffioult to read. . The ori gi nal typescri pt

contai ning these anendnents may be~33rspected on the prem ses of the Pat ent
O fice~ _

-, -

- 20. An electrode according to any one of claims 16 to
19 wherein the conductive polymer has a resistivity at
23°C of 0.1 to 103 ohm.cm. and an elongation of at

least 10%.

2l. An electrode_according io_Claim 20 wherein

the  conductive polymer has a resistivity of 1 to 100
~ ohm.cm.

22. An electrode according to any one of claims 16
.to 21 wherein the conductive filler in the conductive
polymer is carbon black or graphite.

23. An electrode accordlng to any one of claims 16 to
22 wherein the conductlve polymer will pass a current
'denSlty_of at least 10 m1111amps/cm2.

24. BAn electrode according to any one of claims 16 to

23 wherein the core is composed of -a material having a

resistivity at 23°C of less than 3 x lo-s-ohm.cm and
 a resistance at 23°C of less than 0.003 ohm/meter.

25. An electrode according to any one of claims 16 to
24 which comprises an insulating shield which is
permeable to electrolytes and which prevents physical
contact between the conductive polymer element and a
flat surface on which the electrode is placed.

' 26. BAn electrode according to Claim 16 substantially
as hereinbefore described.

The text of the specification has been raproduced by ph'otocopyi.ng the applicants original :
typescript. It may contsin a few amendments which are difficult to read. - The original
typescript containing these umendments may be inspected on the premises of the Patent Office
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