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IMPROVED CERAMIC ANODES FOR substrates, and to manufacture and test anodes con-
CORROSION PROTECTION sisting entirely of solid sintered ceramics.

Approach
The state-of-the-art use of electrically conducting

INTRODUCTION ceramic materials for anodes was reviewed. The per.
fonrnanices of plasmia-sprayed ferrite and other solid

sintered ceramics were then evaluated under anodic
Background polarization in various environments to determine the

The U.S. Army Corps of Engineers is responsible ceramic systems best suited for impressed current
for maintaining many types of metallic structures that anodes.
can corrode, but this corrosion can be stopped by the
use of cathodic protection, i.e., by applying a small Mode of Technology Transfer
elect ric urrent from aln outside source to the cor- It is recommended that the information in this
roding structure. report be used to develop procurement specifications

for use in the draft Corps of Engineers Guide Specifica-
Traditionally. impressed current systems have used tion (CEGS) 2310.

antides that are either inexpensive and very large (high
silicon, chromium bearing cast iron), or small and
expensive (platinized titanium). Because damage
caused by floating debris necessitates relatively fre- 2 COATED ANODES
quent replacement of anodes, there is a need for
improved cathodic protection systems with affordable
anodes that can provide protection with a minimum of Plasma-Sprayed Ceramic Coatings
installation and maintenance problems. In the previous investigation by Segan and Kumar,

the electrically conducting ceramic was plasma-sprayed
The use of electronically conducting ceramics asanods tt cthoic potetio wa invstiate by on two valve metal substrates, titanium arid niobium.

anodes fr Cathodic protection was investigated by Valve metals display active-passive behavior in a

Segarl and Kumar.' The anodes consisted of a plasma-
sprayed lithium ferrite coating otn button-shaped potentiodynarnic scan. In the passive region of the

titanium or niobiun substrates (Figure 1 ). The dis- scan, the "'passivated'" metal forms a surface film which

solutron rate of these lit hium-ferrite-coated anodes, acts as a barrier to corrosion.

measured over a 2-month period, was determined tobe I to grants per anip year (g A-yr) in art aerated Plasma-spraying provides excellent electrical arid
sodIm chloride solu, tion, mechanical ceramic-to-metal interface properties. When

the conducting ceramic is sprayed onto a passivated
metal, it provides a path of electrical continuity.

due to the nibiun substrae and a relatively high allowing the anode current to pass easily. If the
ceramic coating has interconnected porosity or is

dissolution rate due to the ceramic coating. Two steps damaged, the metal substrate will passivate and protect
* could be taken to re:,olve these drawbacks: (I) reduce

itself from further corrosion damage. Metal substrates
t are easier to machime than ceramics. lending themselves

coated steel. (2) increase the life of the ceramic coating
hy using better ceramic materials.

A disadvantage of using valve metal substrates is
Objectives their high cost. Niobium costs up ito IS times moic
*The oblectives of this ivest ju ion were to develop than titanium while tantalum canl cost 30 titres more.
new plasmnia-spraed ceritrc iodes to improve per- At the time of publication, small quantities of 25.4-

inni-diatneter niobium rod cost 20 tUes as iiuclh as
taritaluni-coated steelrather thin roiurri or taitali 310L stainless steel. These metals are also typicall.

harder to inachine than most stallidard engineering

* 'I . (G. Segai ind A, Kunmmr, I'rx ohmari Imrstwaqtrm ot metals. For these reasons, it was deteririned that a

(cranuc Cat,'d lod for (athodt, P',itron Techrical thin. lnonpolous 'passivated" metal coatingi oil a

Rep,,rt M-333 AIAt334411 it .S. vrn%" (,,ntrtiLOn I - more cost-effective metal would provde the best
neerine Researh Labhirat,.rs 1t SA I R t. ...\ism 1983i. snbst rate.
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PLASMA SPRAYED LITHIUM
FERRITE COATING

TITANIUM OR NIOBIUM SUBSTRATE
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* SEALANT

CATHODICALLY PROTECTED
STRUCTURE

WASHER

NUT

NYLON FERRULE AND PLUG

CATHODIC PROTECTION CABLE
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Figure I. Schemnku tf p~ilasa-spriaed anodie assihhtge.
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Table I

Cheinical Analysis of Plasma-Sprayed Lithium Ferrite on Titanium Substrate*

Weight Percent Mole Percent

Iron 69.22 40.49
Mlaneanese 3.05 1.81
LithRIum * 1.46 6.87
Zinic 1.43 0.72
%Maiesium 0.008 1 .08 x 10-J
(CalciL1nt 0.27 0.22
Nickel 0.082 01.46 '

Ox%' cen (estimated) 24.375 49.77

Other Approximate:

Titanium 0.02 1.36 x 1 I-
Al1u1m0m111 0.0 1 1.21 X 1()-
Boron 0.0 1 3.02 x 1 ()-
Silicon 0(005 5.82 x I 0-1
Chromi 0.003 1 .88 X Iw
Copper 0.003 1.54 x 10
%lot 'vbd en u in0003 1 .02 xI 10'
Cobalt 0.001 5.54 x 1 W'-
Silver 0.0005 1.51 x 10"
Sodium Questionable. It* Present 0.05 0

*Analysis performed by x-ray tluorescence on a fused sample ut' pkrstna-sprayed lithiumn ferrite.

"'Lithium analysis performed by atomic absorption.

Li Ferrite

~N

44

Ni-Cr-AI-Y Seal Coat

Al

330Oa %

Figure 2. Cross section of triple layer plasma -prayed anode

10



30
25.4 mm

3b 6.35 mm

Figure 3. Triple layer plasnia-sprayed aniode following anodic polarization testing,



, ilittet ent valence tionm the ion being replaced. with 10 percent 112 wvas used. The iesulting samples were
" hiel valent e it xield n type seniiconductors. Dopants dark inl ,olir, idicaitg successful reduction.

can be substitlned either oii the A site (e.g.. Lath-
anide, Sb3'. BI3  and N' or at the B site (e.g., Nb> The samples \were tested t'r density, then eleciod-

Ta V Sb5'. and W'). To enhance perovskite ed with spnttered gold for electrical coiidlrctiit)
condnct ivit\ . one can simultaneously donotr dope testing. followed by encapsutlation in epox. and
both the A and B sites for example La 3 and Nb5> corrosion testing. The cirtosiort testing consisted of
respecti,,el\ in SriO3 . polari/ing the sample with an applied cotrent density

of 0.02 Alin 2 iii a 3.5 percent Na(I aqueous solution.

Oxr gen vacancies iii the perovskite crystal strtcture Scanning electron nicroscopy was used to examine tie
t ed d1.1112 high tetied ig nicrostructure of the samples as sintered arid attei

(N ) atmosphere can be quenched in at room telmp- corrosion testing. To observe the sintered nicto-
eratute. with the compensating electrons remaining structure, the samples were prepared using standard

* ~~aalable fork nilc io.Tu. rdpd ai 3  retallographic techniques. The samples were then

cati be made semiconducting by sintering in a reducing thermally etched at 1 425 0C it a reducing atmosphere
atmosphere, although both chemical doping and to enhance grain boundary relief. Tire tiled rricro-

reduction are typically conihined . For SrTiO 3 . strtcture of the SrTiO3 sample shown in) Figure 4
chemical doping with tungsten was itot sufficient to is representive of the titanate samples and is typical
produce seticonducting samples: the samples also of a densely sintered ceramic.
required sinterirng in a reducing atmosphere to yield
resistivities ill the range 10 to 102 ohlt. c11. 6

Tiranate samples were prepared using typical
ceramic processing techniques. Comnercially available
electronic grade titanate powders and reagent grade
oxide additives were used. The starting materials were
wveighed to yield tle desired composition, and ball
imilled in an alcohol/water solution for 8 hours. A 0.5

-1wt percent of SiO2 and 0.5 wt percent of (aCO 3 were
"" added to each batch to enhance the densification

by the formatior of a liquid phase. A polyvinyl al-
cohol solition was added during the last hour of

- iilling to erlhance the pressing of the sample pellets.
Tile slurr\ was filtered and dried to the desired
tniistire content, approximately 3 percent. The
restulting powdet was sieved through a 30 tniesh screen.
then pressed into 1 .55-cit-diatieter pellets at 103 MPa.
These pellets were subsequently sintered in an
attiosphere-controlled furnace. The titanate satmples

• ,were fired at 1450" for 4 hours. During the heating
arlnd the initial 3 hours of sinterirg, flowing air was

* . used. Duinig tie last hour of sintering and duritr
ci,,lirg, a iedicing atmosphere of' 90 percent N2 and

'B. M. Kutv. icki. "PT( taiteriats Technology, 1955-19 tt."
' 'rain Bndarv Phenomena ir Ceramics. Vol 1, Idram'eis in

Ceramics. edited by L. M. Levinson ( 1981 ), pp 138-t 54.

'HI. P. R. Frederikse. et al.. "4lecironic Transport in

SrTiO,.' P/hi,'mal Rvi'w. Vol 134. Ni. 2A (1964). pp 3 25,
A442-445.

oK. I). Budd and I). A. Pa) ne, "Internal Bioundaries in

I me (;ramn WOP, Doped SrTiO, .- Prcsented Amer. Ceramic Figure 4. Scanning electron mnicrograph of silntered

"" Siciet lAprit 1983). SrTiO 3 sample before testing.
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Table 2 stumminari/es data obtained for the various "'juLip" or "hop" tloll one ionic site to tile next.
- titanate compounds. All samples had conductivities This will occur it' ions of the same element, but differ-

below 0.01 (ohn cm )- . The corrosion test showed ent valency are present on the same crystallographical-
that the educed titanate compounds were typified iy equivalent lattice site: e.g.. Fe2' and Fe3s or Mn2

by severe spalling or flaking of material fromt the and Mn3  are both present on the B site of the spinel
sample face. The time to failure was less than I minute. structure. Electrical conduction will occur by an
Figure 5 shows an SEM of the sample surface after electron "hopping" front an Fe 2  to an Fe3  ion.
corrosion testing. The spalling. believed to be due to By repeating this process throughout a lattice,
reoxidation of the surface of the reduced titanate. is electrons can move through the tnaterial under a net
indicated in Figure 6, the potential vs time plot electrical field. The resulting conductivity of a material
obtained during the CaTiO 3 sample polarization will be determined by the cation distribution, which

. testing, is dependent on the composition, processing. and
iicrostructure.

, The test consists of applying tile necessary potential
* to drive a constant current through the sample. Initial- Mn-Zn ferrite was determined to be an 80 percent

IN. the sample %kas conducting. hilt in a very short normal spinel, with 80 percent of the Mn 2  on the
time. the required potential increased rapidly. corres- normal or A site and 20 percent on the inverse B
ponding to the sample's loss of' conductivity. This is site.8 Art investigation 9 of tile postsintering thermal
believed to be caused by the formnation of an insuating processing of Mn-Zn ferrites found that the time to
surface aever. As this surt'ace layer laked off, new cool the sample from sintering temperature to roont
conducting surface was exposed. temperature significantly affected the electrical con-

ductivity. Samples were prepared front reagent grade
Selective donor doped and reduced titanate con- oxide chemicals, using standard ceramic processing

pounds were fabri+ated and yielded electrically techniques. The samples were sintered in at, atmos-
conducting material. Ilowever. these compounds phere-controlled furnace at 1250'C according to the
were found unsuitable as potential anode material temperature-time-attmosphere profile given in Figure 7.
t'M cathodic protection svstents because oi their
rapid spalling and flaking. The compositions investigated are summarized in

Table 3, which shows the electrical resistivities and
Ferrites densities of the Mn-Zn ferrites. All Mn-Zn ferrites

The largest group of ferrotnagnetic oxide compounds compositions quenched after sintering had resistivities
are the fertites of' iron having the spinel structure and about 2 to 4 orders of magnitude higher than the
the general forntula AB 204. There are two idealized
structures it the spinel family. In tile "normal" spinel.
all the divalent ions are ott the tetrahedral (A) site, K. S. Stanle, Oxide Magnetic Materials (Clarendon Press,

. e.g.. (Zn 2+ ) (Fe3*)2 04. In the "inverse" spinel, half 1972).
ot the trivalent fis Occupy the A site. while tle 'I. M. Iiastings and L. M. Croliss, Phvsics Reriew. Vol 104,
remaining trivalent and the divalent ions are distributed No. 2 (1956), p 328.
on tlte B site. e.g.. (Fe3+) (Fe 2*. Fe+), 04. -V. R. W. Amarakoon, G. P. Wirtz, D. A. Payne, B. V.

Raju, and J. F1. Boy, "The Effect of Post Sintering Treatment
Electrical conductivity in ferrites has been described on Electrical Properties of Mn-Zn Ferrites," Presented to the

- by a "hopping" mechanisnt. in which charge carriers Amer. Ceramic Soctety, Pittsburgh, PA (May 1984).

Table 2

Properties of Titanate Compounds as Possible Anodes

Oxide Density Resistivity
Material Dopant Percent Th ohm/cm Corrosion Testing

BaTO, La. W 94 6 x 10 severe spalling
SrTiO, La. W 99 5 X 10 severe spalling
(aTiO, La. W 98 1 X t01 sample stopped conducting
TiO. Nb 93 < I severe spalling

I.2

6 
.i
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FigureS5. Scanning electror micrograph of titanate samples alter anodic polarization testing: (a)SrTiO 3 :(h)BaTiO3,
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Figure 6. Potentiodynamic scan of CaTiO 3 sample.
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Figure 7. Heating schedule for ferrite samples.
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Table 3

Electrical Resistivity and Density of Mn-Zn Ferrites
as a Function of Postsintering Cooling Treatments

Nnl .ZnFe,O 4  Postsintering Resistivity Density
o Treatments (Ohimicm) (Percent Th)

• , WOO Quec.hed 4.0- M492[
L, ". h~I'M %yCOO ed mair T 29 .

(10 lir)

(1.2o Quenched 1.3 104 92.0
'.sh.l y cooled in air 2 3 95.5

-45 Quenched 1.0 I(4 95.4
shuly cooled in air 1 2 98.5

S(10 hir)

II2. Quenched 3 4 95.2

resistivitie of the slowly Cooled samples. The slowly from 0.13 to 0.20 g/A-yr based on Mn and between
cooled samples were all conducting (I to 5 ohn cim) 0.53 to 0.46 g/A-yr based on Fe and averaged 0.33
irrespective of cooling atmosphere. Adding 0.1 wt g/A-yr independent of current density of the test.
percent ('aO and SiO, units improved the densities.
but did not significantly affect the resistivities of the
quenched or slowly cooled samples. An SEM of a

... slowly cooled sample is shown in Figure 8.

The significant change in resistivity due to difference

in cooling rates was due to a change in the bulk proper-

ties of the Mn-Zn ferrites. This was determined by
electrical impedance and magnetic Curie point analysis.
X-ray diffraction analysis of the slow-cooled samples
indicated the formation of an Mn-rich phase. The
removal of Mn from MnFe2 04 during slow cooling
would result in the formation of an Fe rich phase with
both Fe2' and Fe34 ions, which would explain the high
conductivitv.

The dissolution rates of the anodes were determined
Sin the laboratory by immersing the sample material

in distilled water containing 3.5 percent NaCI, at
various current loadings. The amount of dissolved
tons in solution was determined by atomic absorption
analysts. The anode dissolution rates (Table 4) were
ascertained based on the concentration of the in-
dividual ions found in solution and the stoichiometry
of the sample.

The anode dissolution rate for the slow.cooled
MnFe2 0 4 sample was 0.032 g/A-yr based on Mn, and 28ik
0.74 g/A-yr based on Fe with an average rate of 0.38

, g/A-yr. The substitution of 20 percent of the Mn by
Zn yielded a composition of Mn.,Zn.2Fe2 04. The Figure8. Scanning electron micrograph of slowly

, anode dissolution rate for slow-cooled samples ranged cooled Mn ferrite sample.
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Table 4

Dissolution Rates of Sintered Ferrites in 3.5 Percent NaCI Distilled Water Solution

Anode Dissolution Rate Average Anode
Current Density (g/A-yr) Based On: Dissolution Rate

Material (Am 2 ) Fe Mn Zn (g/A-yr)

Mn[ e204 250 * * *

Sinle204 1000 0.74 (1.(3 0.38

MnZn.,[1e,0 4  1000 0.46 0.20 * o.33

Mn 8 Zn ,l c.0 4  It) 0.53 t.13 .* .33

Mn. 5n.Jc20 4  100

• Betm' nse .1nsit y lit n oI i et .

The quenched sample of the same composition spalled arid spalled seveiely when subjected to anodic polari-

se~erelN during testing. Tie dissolution rate for the zation testing.
Mn.;Zn,.s Fe,04 sample was below the sensitivity
of the analytical test. Anodes consisting of a stainless steel substrate with

a molten salt electroplated coating of tantalum

The dissolution rates obtained in this study for ("passive*' metal) followed by a lithiun-ferrite plasma-

Mn and Mn-Zn ferrites fired in an ambient atmosphere sprayed coating showed great promise as a potential
and subjected to careful control of the post-sintering anode material, with the advantage of a more cost-

cooling treatment are superior to those reported by effective substrate.
Wakabayashi and Aoki.1 They recorded Mn-ferrite
and Zn-ferrite samples with dissolution rates of 2.7 Donor doped and reduced solid sintered titanate
and 3.2 g/A-yr, respectively -substantially higher compounds yielded electrically conducting materials.
than the 0.38 and 0.33 g/A-yr obtained for the Mn- but they also degraded quickly and severely under

- ferrite and 80 percent Mn-20 percent Zn ferrite polarization testing. These materials are not suitable
samples. for cathodic protection anodes.

Solid sintered Mn and Mn-Zn ferrite materials were
fabricated with careful control of the postsintering

4 CONCLUSIONS AND cooling rate to maximize the electrical conductivity.
"RECOMMENDATIONS The anodic dissolution rates of Mn and Zn ferrites

were less than 0.5 g/A-yr based on the principal
elements. This is better than the I to 2 g/A-yr reported

While aluminum and stainless steel are less expensive for previously used plasma-sprayed lithium ferrite.
0 substrate materials than niobium and titanium, they do

not make acceptable anodes when coated with Ni-Cr- It is recommended that improved anodes made of
AI-Y, then niobium, then lithium ferrite in a triple niobium-coated stainless steel coated with plasma-
layer plasma-sprayed system. These samples cracked sprayed Mn-Zn ferrites be tested in the field to provide

a better understanding of ceramic anode behavior. It
is also recommended that dissolution mechanisms and

0 A. Wakabayashi and T. Aoki. "Characteristics of Ferrite the effects of structure and composition on the electro-

Electrodes." Journal de Physique. ('I Vol 38, No. 4 (1977). chemical stability of ceramic semiconductors be

pp 241-244. investigated further.
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