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This report documents research to improve per-
formance of the CERANODE, a ceramic anode de-
veloped by the U.S. Army Construction Engineering
Research Laboratory (USA-CERL) to provide
cathodic protection of Civil Works structures. New
materials and design configurations for constructing %
the CERANODE were investigated to find those that
would provide the greatest protection from ice and
debris impacts, have low material costs, and provide a
long service life. Of the plasma-sprayed coatings in-
vestigated, the undoped ferrite (Fe 1O4) had the
longest dissolution rates. Mixed metal oxide coatings
such as ruthenium oxide/titanium dioxide and

t Jiridium oxide/titanium dioxide have dissolution rates
- of less than 0.001 g per ampere-year and also show D T IC
J1 significant advantages as coatings for anodes. The new F)T IC

flat anode configurations developed minimize ex- -I E CTE
L-J posure to damaging ice and debris impacts and are

__currently being field tested. LBQ 98
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FOREWORD

This study was conducted for the Directorate of Civil Works, Headquarters, U.S. Army
Corps of Engineers (HQUSACE), under CWIS 31204 (Corrosion Mitigation in Civil Works
Projects' -he research was conducted by the Engineering and Materials (EM) Division,

U.S. Ai. .y Constru ;()n Engineering Research Laboratory (USA-CERL). The OCE
Technical Monitor was Mr. Robert Kinsell (DAEN-CWE-E). Dr. R. Quattrone is Chief of
USA-CERL-EM.

COL Norman C. Hintz is Commander and Director of USA-CERL, and Dr. L. R.
Shaffer is Technical Director.
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DEVELOPMENT OF NEW MATERIALS AND for graphite and silicon-iron anodes. I he (IRANOI)"
DESIGN CONFIGURATIONS TO IMPROVE small siie also tnakes it less susceptible to ice :n!
CERAMIC ANODE PERFORMANCE debris damage, so it is ideally suited for cathodic pr,,-

tection ot lock and dam structures.

In previous investigations, an electrically cotndo-
INTRODUCTION ting ceramic was plasma-sprayed onto a titanium or

niobium substrate (Figure 1 *). Plasma spraying provides
excellent electrical and mechanical ceramic-to-netal

Background interface properties. When the conducting ceramic is
[he L' S. Artn, Corps of t ngineers is responsible for plasma-sprayed onto a valve metal substrate, it provides

maintaining man, tN pes of metallic structures A con- a path of electrical continuity, allowing anode current
inoii, used corrosion prevention technique is cathodic to pass easily. If the ceramic coating has intercon-
protection the application of a small electric current nected porosity or is damaged, the valve metal sub-
from an external source to the corroding structure. strate will passivate (i.e., cease passing current) and
One ampere of current will stop the corrosion of 500 protect itself from further corrosion damage. M1etal
sq t't* of uncoated steel. The current is supplied substrates are also easier to machine than ceramic
through the anode and eventually consumes it. The ones, and thus lend themselves to more efficient
anode is the positive terminal in the cathodic protec- designs.
tion circuit, and the structure is the negative terminal. ,- .

A disadvantage of using valve metal substrates is "
For the past 30 years, two materials silicon-iron their high cost. Niobium costs up to 18 times more

and graphite have been used as anodes for cathodic than titanium, while tantalum can cost 30 times more.
protection. However, these materials are brittle, can- These metals are also typically more difficult to
not be machined or welded, arid have consumption machine than most standard engineering metals. Thus.
rates on the order of pounds per anpere-year (i.e., if the need to reduce substrate material and miachining,
I A of current is passed through the anode for 1 year, costs is crucial.
1 lb of material will be consumed). Consequently,
large anodes are required. making the anode vulnerable Objective
to debris and ice damagi and also prone to field instal- The objective of this investigation was to improve the
lation problems. performance and lower the costs of the CERANODI.-

through development of inexpensive and slowly con-
The ceramic anode (CERANODE)' , developed and sumed materials as well as new design and configur-

patented by the U.S. Army Construction Engineering ations that would further minhuize exposure to ice and
Research Laboratory (USA-CERL). is entirely factory- debris.
assembled. The factorv-fabricated, anode-to-wire con-
nection ntinimizes field installation problems, such as Approach
those experienced with silicon-iron or graphite anodes, New materials were fabricated and their perform-
which can lead to failure. In addition, elimination of ance evaluated tnder anodic polarization it various
the field-ttade electrical connection allows installation environtents to determine materials suited for impres-
,It the ceramic anode by nonspecialized personnel. sed current anodes. New design confligurations to lovcr

material costs, facilitate manufacturing, and mtininiie
Fhe consumption rate of the CIRANODt- conduc- exposure to debris and ice damage were developed anid

tine materiAm is 200 ties less than that of silicon-iron evaluated.
or graphite anodes As a result, the ceramic anode is
litLich smaller than the silicot-iron anode ( 100 times by Mode of Technology Transfer
weight ) and :an be installed it areas prohibitively small It is recommended that the information in this re

port be used to develop procurement specifications for

M.t.r cL,,n sr, ,-n ta ,,r, I q It .0929n 2  
I It = 4535 
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incorporation in Corps of L-ngineers 1)raft (Guide Materials
Specification 2310. Cathodic IPrrtectiem of Lock tasmna-Sprat'cd tFerrite

Gates. [he original ceramic anode (CERANODE) consisted
of plasma-sprayed lithium ferrite on a niobium hemi-
spherical substrate. To improve the anode's properties,
other ferrite compositions were investigated. These
new ferrite coatings were plasma-sprayed on niobium

2 IMPF.OVING CERANODE substrates and tested at various current densities in

PERFORMANCE both fresh water and saltwater to determine their
anodic dissolution characteristics. Lithium-zinc ferrite,
manganese ferrite, and iron oxide were plasma-sprayed ,,

Previous attempts to decrease the material cost of onto niobium coupons. The dissolution rates were
the CERANODE's solid metal substrate by multi-layer determined by weight loss of the test coupons. The

plasma spraying investigated the electroplating of pure iron oxide yielded the lowest anodic dissolution 4

tantalum onto low-cost substrates. 3 Stainless steel, of 3.27 g/ampere-year in saltwater and 9.1 g/ampere-

316L, and copper, rather than tantalum or other year in freshwater. The lithium-zinc ferrite had dissolu-
valve metal substrates, had been chosen because of tion rates of 7.2 g/ampere-year in saltwater and 12 g/

their lower cost and ease of machining. Hemispherical ampere-year in fresh water (Table 1). The plasma-

substrates were machined for the anode configuration sprayed manganese ferrite yielded very high dissolution
shown in Figure 1. The substrates were polarized in a rates of 120 g/ampere-year in fresh water (Table 2). The
molten tantalum fluoride salt solution maintained at manganese ferrite tested in saltwater had an initial dis-
more than 800'C. A 0.125-mm coating of tantalum solution rate of 10 g/ampere-year, which decreased
was deposited at a rate of 6.35 Wmi/hour under an during the 14-day test to 3.5 g/ampere-year; its average

argon atmosphere. The electroplated substrate was dissolution rate in saltwater was 8.2 g/ampere-year.

then plasma-spraytd with a 0.5-mm conducting lithium
ferrite layer. Lithium-Doped Nickel Oxide

Samples of nickel oxide doped with 10 percent

The plasma-sprayed ferrite on tantalum-coated sub- mole of lithium oxide were prepared using standard

strate was subjected to anodic polarization testing by ceramic processing techniques and were sintered in

passing 40 mA of current through the anodes in 3.5 air at 13000 C. The samples were tested in an electro-
percent sodium chloride solution for 24 hours. The chemical cell and proved to be electrically conducting.

tests indicated that although the anodes with just the Although the samples continued to pass current, there

tantalum electrodeposited coatings passivated, indica- was significant dissolution and flaking of the sample

ting good quality of the valve metal coatings, the into the solution. Therefore, further testing of this

tantalum coatings that were subsequently plasma- system was terminated. ".-
sprayed failed. During electrochemical testing, some The same composition was also plasma-sprayed onto
aspect of the plasma spray process abraded or other- niobium sheet and tested in electrochemical cells con-

wise damaged the thin electrodeposited tantalum coat- taming fresh water and saltwater. The cells were ener-
ing, exposing the underlying base metal. When the -r,

base metal was exposed to the electrolyte, it corroded gized at theend ofa working dayand bytee next morn-

and ausd ctasropic ailue i th ande.Furher ing, the coatings that were in fresh water had totally
and caused catastrophic failure in the anode. Further dissolved, and no current was flowing in the circuit.
investigation of this system was therefore discontinued. Thus, nickel oxide doped with lithium was found to be

unsuitable for anodic applications. Because of the poorIn a continued effort to improve file performance of' promnei rs aeslwtrtsswr .-
* ~ perfortmance in fresh water, saltwater tests were

the (I RANODL and lower its costs, tile current re- discontinued.
search develpced and evaluated several materials. The
Materials were rested in both fresh water and saltwater. .fixed Metal Oxide Coatings
In additn, ncw desirgn cin ligurations wcrc develo d Metal oxidcs such as rutheoriuro and iridium oxid .es
that wo l i IItI i/e tie an,,de's exposure to dalnagitg (RuO 2 ati Jr(d , ) are known to exhibil neallic eec-
lntpactN trical conductivity ,L,.i a wide iange of cnperatm ..

'.1 H. Go"(1,.ell 01, " wctalh'r (hides. hot ',,Ip s tI S" d

Slat, (h oof'i t \ 5, cit' d % I I RicN, I'cr mo, PTrcs%,

.J t. B ,. \I OIsmn. \ thick. and A Kum rr. 1 71 , 363.
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----- ---- Table I
Anodic Dissolution Rates of Plasma-Spray ed Ferrites

Anode Current Current Density Dissolution
M.aterial (A) (A/rn2  Rate e(g/A-yr) Electrolyte --

Li-Zn Ferrite* 0.03 4.7 11-14 Fresh Water

Li-Zn Ferrite 0.12 186 11 Fresh Water

Li-Zn Ferrite 1.3 2015 4-5 3.5', NaCI S"Iln.
Li-Zn, Ferrite 0.03 47 10 3.511, NaCI Soin.pFerrile* 0.12 186 6.91 Fresh Water
Ferrite 0.12 186 10.04 Fresh Water
Ferrite 0.12 186 10.30 Fresh Water
F-errite 0.12 186 2.95 3.5% NaCl Sumn.

F errite 0.12 186 3.87 3.5% NaCI Sumn.

ler.,Ite 0.12 186 3.00 3.5% NaCl Solo.

*Li. n 0. le 2 0 4

Table 2S Dissolution Rates of Plasma-Sprayed Manganese Ferr ite Coupons ~

Coupon* Wear Rate For The Wear Rate For The Wear Rate For The Wear Rate Fot The
No. Next 3 Days"s Next 5 Days Next 6 Days Entire 14.146 Days Average

12'3 79.98 evA-yr 136.51 L/A-yr 43.70 g/A-yr 123.15 g/A-yr

p14740 Ay 125.80 g/A-yr 58.85 ' /A-yr 119.53 g/A-yr 120.01 g/A-yr
125 78.27 -11! A-yr 123.61 WA-yr 54.94 g/A-yr 117.34 g/A-yr
126 11.56 W:,A-yr 5.78 L/A-yr 3.61 v/A-yr 8.45 g/A-yr

2711.36 c/A-yr 6.27 g/A-yr 3.12 g/A-yr 8.33 g/A-yr 8.22 g/A-yr

I 59.6 3 W/A-yr 5.78 g/A-yr 3.61 g/A-yr 7.88 g/A-yr

*('upun, N,'. 123-125 e' re in in electroly te of fresh water (Day ton. Ohio tip wkater).
Coupons No. 126-12h iere in an electroly te of' 3.5 percent NaCI itt tap water.

ourretnt dcrrsirv 1,r all couponS was 186 A/tn'.-
** lectrolyre is as changed only after tte tirst 3 days of operation.-

I tic iaini advantages id' fabricating anodes fromt these mnaterial co)sts of using oxides derived frotm precious
matt~terials are their ver) low resistivity (<0.001 obtit- metals. Repeated painting and firing canl be used to
cm) and their verv lowA dissolution rates (0.001 g per achieve the desired thickness of tile coating.
amnpere-v ear at 10 -, sq ft)

Alloyirtg RuO2 or IrO, with TiO2 is known to forni

Mixed ital k,x.ide atnodes carl be fabricated by a a solid solution, increasing cternical stability, yet not
varict\ )t ceranjic processingz techniques.5 IrO, or signtificantly degradintg thle electrical cotnductivity'
R<u() tr'im aie to mcro''s thick can be dep isi ted ont Th Iis type of' anlode is cottmmrercially available unider tile
inert iietalhic suhistratcs at Comnparatively lowA, tempera- registered trademark LIDA"), atid has been widely used

tlio's h e dccmltnposiltiotr of mectal cl-iloidcs such as Ill thle prTOdUCtiot of chlorinre and( in cathodic protectiont
R itt i air. In coompdrisotn tit a ,tilid tmaterial, tlte use

'it atl 'iXide tutu )ti a rttetal substrate tuiniut/es thme

'K J. O1ct\ei , TiJ Navin, M'rphltLofi Dniiinall\
Stabtle Anoe,,"-' P,-,)(, utgs od Chlorlm, BiCrnti,uu1l S1 Mt.%

It B BtcT I1 S [,atent V'' 2.S40,443. 0(0t't'r l')'4. f'iiomi 1974).



sN stems. [hle [ IDA\ itde ciisists ill titanitum >Uh I:, c'I!c Ie aI i .IIt'i WI, i Il d IC, 1%1 Ri .Aldc 1
strate \Aitl I A prec:ious inetalI oxide coatinet-Fic-ure lhli i ln. tle paillilc anid toy p'wi-,

Fle inodic dis lutli o thle [Il).-\ anokde li beenl appled t"' nwhiui tiih~llatc, dole ~i~t
less than 0.utOl - ampevre-hour Ii industrial applications tion Rcewiich is bei :ondh,:cod 1 Illnd a I~ I'

1-ic-ure 3. Thie'hard ness, ot precious metal omide coat- 1111in11ii11C stibstiate OXidaliOii b\ citi lilt: h aili-

ings i, ab0Ut t, on thle Mll's hardness scale. -1 hus, the phere dluring thle theiutnal tucatunctut lit lie peuu
*Ll[)A anodes art, far more resistant to abrasion than mnetal oxide cta.tiigs.

pla tinumn -clad aniodes. This is particularly important
for cathodic protection applications where the anodes Design Configurations
are exposed to impact or abrasion. Thie LIDA " anodes Damage Irom ice and deht is isa i ajoi jusc I
are available Ii a variety of geometries, including cathodic Protection anode Ifailute InI uattpi0occlS~
tubular anid mnesh-eXpanded con1figurations. These Io Solve this problem, APS Niatet ials. Itic.. w0ich lids

* anodes have been demonstrated in cathodic protec- been licenised to ItiarifCture the CLRANUDL., is
tion systems in seawater and saline-mud applications working closely with L SA-CLRL ott several niew- an,,de

~ (Tables 3 and 4). However, flat disk or button COnfig- configurations that would nminimnize ice arid debtis
uratiotis that would be miost suitable for water applica- damage as well as machitting costs.
tions are not available.

A flat anode has been developed which consists oil
Unfortunately, the working potentials that may be a niobiumi plate with a plasmia-sprayed ferrite or mixed

applied ito LIDA® anodes are limited by thle titanium metal oxide coating. Two types of flat anodes wvere
substrate. Stud ies 7 have shown that the [ADA® sub- developed for fresh water and saltwater applicationis.
strate material (titanium) is susceptible to pitting The ruthenium oxidei titanium dioxide coating, w ohch
when polarized ito 10 V. Figure 4 shows a potentlo- reacts well with sodium, was chosen for saltwater
dynamic scan of a bare titanium substrate. The pro- applications. The iridiumn oxide/titaniumi dioxide coat-
tective oxide coating formed on the titanium breaks ing was applied to a titanium substrate to yield anr
dlown when more than 10 V are applied. Therefore, if anode suitable for use in fresh water. Figure 5 show,\s
there are miajor bare areas in the coating, or if thle the design for thle mnixed-mietal oxide coating, titanium
coating is subsequently abraded or otherwise damaged substrate anode. The flat substrate reduces thle anode's
duringt use, arid the anode is then polarized with miore material costs and requires less machining which allows
than 10 V, the exposed titanium metal surface will pit. it to be manufactured more easily arid lowers its total
Pitting could lead to failure of the anode arid cata- costs.
strophic failure of the cathodic protection systemt.
H owever, the LIDA _- anode's manufacturer claims To further reduce thle damaging ef'fects of' irnacts.
that smtall scratches arid minor defects will not cause USA-CLRL and APS Materials, Inc. jointly designed
thle electrical Field distribution at the defect to be and developed a protective shield for the flat aniode.

- ~ much different fromt that at the coated surface. Thle The ceramic anode rests Ii thle polyurethane plastic

voltage drop across the interface will remain below (Figure 6a and 6b). While the shield leaves the coated
thle breakdo\Aii voltage of titanium. anode face exposed. it protects the perimeter arid tile

Urncoated back of the anode from collisions.
To avoid possible failure of the precious-mietal-

coated anodles dute it pitting oif the titanium substrate, Both the round arid flat ceramic aiiodes canl be used
1. S.--CFR L is Investigating thle use of other materials as to protect many diftererit types of metallic structResC,
substrates fo r preCI US-Itrital. O iide-ci ated anodes. front corrosion.- NewA, conifigurat ions are being devebIop-
Niohiurri arid tantalumr can withstand rnuch higher ed arid tested. Ceramic aniodes hiave been iriCotporatc1d
11l1arilation 1 1-10 V) before pitting begins. fhowever, into the design ofl cathodic protection sr sterns tha~t
these mraterials are susceptible ito rapid oxidatiotn duir- have heeni field -tested tilt wkater stmoage tailks, unde -

Ig thle thiermnal treatilierits required to convert tile gtourid Pip"', arnd lock gates IlheN call also be iii-

metal chloridle solutions to oxide (i.e.. the substraite is corporated into cathodic pr ItCct110i1 S\ stCHiS I'l
-heated ito 400'( Cito 5000nC in) a) (oxidizing atmrosphere o)thler strtictures.

N'ewA tabrication techniques.,tsuch a,, ii platir. are

IiiII) 1, r,,in,'upr ~-i~i ~,talso beirt_ dtuevel oped i eICd a perpeCtl model]L ''it

IUII:jru i Cr' it 5 iqtot.i S 'Piir Wam.ia inrg, su1h0 a niib Ini~II1-olpLd tllatiiitill Atld t "I111Lu

%r- c:It S ,c. tlilt mlixed olctal oie.Slich tciiuiesh'Iild \Ielkl .1

10



Iable 3

Loctions of Iiipre~scd L urrcnt ( attodic Protectioni SN stems F- nplo.% tig LI11)

I~~~ n', u-I NJk4> Ik~
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Table 4
* LIDA 'Performance Data

Working
Current
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1) Niobium Substrate 5) Delrin Plug

2) Brass Connector 6) Delrin Nut

3) Delrin Gland 7) Ferrite Coating

4) Delrin Ferrule
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7 00" 1/2-20
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Figure 1. Design of U.S. Army Construction Engineering Research Laboratory (USA-CERL)-developed ceramic
anode (CERANODE).
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~ ~KjFigure 2. Schematic of LIDA& precious metal anode.
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Figure 3. Service lite of I IIA ;precious metal anode.
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Figure 4. Potentiodynaniic scans of titanium in distilled water solutions containing 3.5 and 0.05 percent NaCI.
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CERANODE TECHNOLOGIES

Figure 5. Schemnatic of new flat CLRANODL design.
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ANODE ASSEMBLY
FOR LOCK GATE

6" I
SIII

SILICONE RUBBER SEAL
BETWEEN ANODE AND

ISHIELD

,

SIDE VIEW

3" ANODE 2
---- SURFACE AREA= 7 IN

6 3 -~~ 1 3":A
2 4

ANODE B SHIELD
FRONT VIEW FOR LOCK GATE

Figure 6. H-[at anode shield assembly for lock gates.
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