JTTEES 8:133-145
OASM International ‘<

Thermal Sprayed Titanium Anode for Cathodic
Protection of Reinforced Concrete Bridges
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Stable operation of cobalt catalyzed thermal sprayed titanium anodes for cathodic protection (CP) of
bridge reinforcing steel was maintained in accelerated tests for a period equivalent to 23 years service at
Oregon Department of Transportation (Oregon DOT) bridge CP conditions with no evidence that opera-
tion would degrade with further aging. The cobalt catalyst dispersed into the concrete near the anode-
concrete interface with electrochemical aging to produce a more diffuse anode reaction zone. The
titanium anode had a porous heterogeneous structure composed @ftitanium containing interstitial
oxygen and nitrogen, and a fcc phase thought to be Ti(O,N). Splat cooling ratesne 10 t0150 K/s, and
microstructures were produced by equilibrium processes at the splat solidification front. Nitrogen gas at-
omization during thermal spraying produced a coating with more uniform composition, less cracking,
and lower resistivity than using air atomization.

interfacial reaction layer that forms with aging and affects the
circuit resistance of the CP system are strongly dependent up
the presence of moisture at the anode-concrete interface (Ref
9, 11).
1. Introduction A cobalt-catalyzed, nonconsumable, thermal sprayed tita
. . . o nium anode has recently been proposed as an alternative to th
Reinforcing steel corrosion is the principal cause of concrete ., sprayed zinc anodes for impressed current cathod
bridge structural deteripr.ation in coastal marine environments protection (ICCP) systems (Ref 12, 13). Initial characterizatio
and in areas where deicing salts are used for snow and ice r&st the structure of the anode (Ref 14, 15) and the results of acce
moval. Steel corrosion products have molar volumes 1.5 10 3¢ 4ted laboratory electrochemical aging (Ref 16) have been r
times greater than the steel consumed by the corrosion reaCt'OBorted. A field demonstration of the catalyzed thermal spraye
(Ref 1). These corrosion products produce tensile stressesiianium anode was conducted at the Depoe Bay Bridge (OR) &
within the concrete that cause it to crack (Ref 2), leading to con-he Oregon DOT and the Federal Highway Administration (Re
crete delamination and further steel corrosion. Cathodic protec-14),
tion (CP) is the most effective means for retarding, if not halting,  Thermal sprayed titanium coatings are typically applied in a
these processes in steel-reinforced concrete structures in highyert atmosphere or vacuum using shrouds or chambers to p
chloride environments (Ref 3). _ vent reactions with atmospheric gases (Ref 17). This is not pra
Thermal sprayed anodes for CP of reinforced concretetica| with large outdoor structures. In this study, thermal spraye
bridges are of recent origin, first developed in the United Statestjtanium anodes were applied using either air or nitrogehd#
by the California Department of Transportation (CALTRANS) ' the atomizing gas (Ref 14). An understanding of the mechanica
(Ref 4), and increasingly being used by the Oregon Departmente|ectrical, and electrochemical properties of the titanium anod
of Transportation (Oregon DOT) (Ref 5, 6) and other state de-requires an understanding of the significant titanium-atmos
partments of transportation. Thermal sprayed anodes providepheric gas reactions and their effect on the chemistry, minera
superior current distribution to reinforcing steel compared to ogy, and structure of the anode. Furthermore, electrochemic
other anode systems. They are applicable to complex shapesiging may affect the anode properties or, as was found with t
Their installation has little impact on the aesthetic and structural thermal sprayed zinc anodes, the chemistry of the anode-co
integrity of bridges and is cost effective. crete interface (Ref 18). The aim of this paper is to present t
Consumable thermal sprayed zinc anode CP systems havehemistry, mineralogy, and structure of the titanium anode an
been installed on three major Oregon bridges on coastal high-the effects of electrochemical aging on anode operating prope
way U.S. 101 (Ref 7). Accelerated laboratory electrochemical ties and anode-concrete interfacial chemistry.
aging studies with periodic wetting of the anode (Ref 8, 9) indi-
cated anode service lives of 25 to 27 years (Ref 10) based on an- )
ode-to-concrete bond strengths and anode consumption rates?. Experimental Procedure
The long term performance of the anode and the zinc-concrete

2.1 Selected Properties of Ti-O-N Systems
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chemistry, structure, and performance of the thermal sprayed ti-of interstitial oxygen and nitrogen in the metallic titanium
tanium anode. The volume ratio in Table 1 is the ratio of the phases, and (c) definition of the anode coating structure. It was
compound molecular volume to the atomic volume of the also important to determine if there were benefits from usjng N
equivalent amount of metallic titanium in the compound. as the atomizing gas compared to air.

Figure 1 shows the equilibrium phase diagram for the binary ~ Anode Application. Thermal sprayed titanium anodes were
titanium-oxygen system (Ref 19) for illustrative purposes. The applied using the twin-wire, arc-spray process (Thermion
titanium-rich end of the phase diagram (0 to 13.5 wt% O) in- Bridgemaster 5100 series machine; Thermion Metallizing Sys-

cludes two metallic phases, a high-temperatsgtanium tems, Silverdale, Washington). The feed wire was 3.2 fym (
phase and an-titanium phase stable at lower temperatures. in.) diameter annealed grade 1 titanium wire. Spray parameters
Oxygen is soluble as an interstitial in tnditanium and3-tita- were electric arc, 36 to 404¥and 300 A; atomizing gas, air or

nium structures throughout this region. The titanium-rich end of N, at 0.62 to 0.76 MPa (90 to 110 psi); spray orientation, normal
the titanium-nitrogen phase diagram is similar to the titanium- to surface at a distance of 15 to 23 cm (6 to 9 in). The final tita-
oxygen phase diagram, but freezing temperatures are substarmijum anode thickness was 50 to 160 (2-6 mils).
tially higher (Ref 20). Field application to the bridge surface was performed with a
hand-held spray gun. Laboratory application to concrete slabs (5
2.2 Unaged Anode Characterization cm thick), concrete plates _(1.5 cm thick), and borosilicate glass
plates was performed with the same hand-held spray gun
Anode characterization steps included (a) identification of mounted to an Oregon DOT robotic XY traversing device to
phases present and their relative abundance, (b) quantificatiorachieve a more uniform coating thickness than hand spraying.

Table 1 Selected properties of anode constituents

Property Ti TiO TiO, TiN

Melting point, °C 1660 1750 1840 2930 (N liberated)

Theoretical density, g/chn 450 4.93 4.25 5.44

Volume ratio 1.00 1.20 1.73 1.09

Conduction type Metallic Metallic N-type N-type

Resistivity,uQ [tm 50, 42(a) 350 >3x 10/ 15.5,21.7(a)

Linear thermal expansion coeffi- 8.5 9.4 8.0
cient,um/mQd°C

Thermal conductivity, 0.207 - 0.0653 0.242
J/sCem°C

(a) Values from two references. Source: Ref 14
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Fig. 1 Titanium-oxygen equilibrium phase diagram (Ref 14-19). Lines 1 and 2 were added, corresponding to cooling curves fopadlitipposwith
88 and 66 at.%Ti, respectively.
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Prior to spraying, concrete surfaces were lightly sandblasted tochanges occurring in anode bond strength, resistivity, and m¢
expose some aggregate and yield a medium sandpaper surfaahanical durability as a consequence of passing an electri
texture, and then blown free of dust. The borosilicate glasscharge across the anode-concrete interface. In addition, meg
plates were degreased but not etched. Surfaces were not prerements were made to determine the effect of aging on t
heated prior to spraying. chemistry of the anode-concrete interface and on anode oper.
Sample Preparation. Anode coatings used in the charac- ing performance and service life.
terization studies were examined in situ by cutting a sample  The catalyzed titanium anode serves solely as a current cg
cross section with a diamond saw, which included the substraterier to distribute charge to the reinforcing bar and as a support f¢
and attached coating. Other samples were coating flakesthe cobalt catalyst. In a basic environment, such as unaged cd
chipped from the substrate surface. Cross-sectioned samplesrete, the anode reaction is:
were mounted in epoxy to expose the cut anode edge and pol-
ished to a Jum diamond finish. Anodes prepared usingat- 40H - 0,+2H0 + 4e (Eql)
omization had good conductivity and did not require carbon

coating prior to electron beam microanalysis; anodes preparedrhe consequence of this reaction is the loss of hydroxyl ions ¢
using air atomization were carbon coated. the anode-concrete interface and a decrease in the interfa

Characterization Techniques.Scanning electron micros-  pH_ As this reaction progresses and the interface loses its bas
copy (SEM) images were obtained with secondary electronscharacter, the reaction becomes:

(SE) and back-scattered electrons (BE). Elemental chemistry of
the anode was determined using analytical scanning eIectrorQHzo - 0,+ AH' + 4e (Eq2)
microscopy (ASEM) for selected spots on anode cross sections.

X-ray fluorescence (XRF) microanalyses were performed USingWater is a key constituent in both of these reactions, in the firg

a wavelength dispersive spectrometer with four crystals and an . o .

. . . ... reaction as a source of replenishing hydroxyl ions produced b
energy dispersive spectrometer (EDS) with an atmospheric thin. ~ """ . . ; .
window for detection of low atomic number elements ionization of water and in the second reaction as the primary r¢

Crystallographic phases were determined by x-ray diffrac- actant. Consequently, delivery of moisture to the anode by h

tion (XRD). The instrument was equipped with an automated mid a, dew, fog, and precipitation is crucial to successfu
. k - : operation of the anode.

goniometer, copper x-ray tube, variable divergence slit, focus- Laboratory Aging E . t Laborat te slab

ing graphite monochromator, and a scintillation counter. X-ray abora oryd tglngh xperlimend a or:a ory I(I:oncre € sa ts

diffraction analyses were performed on samples with the anodeV€'¢ Prepared to physically and mechanically approximate

coating attached to the substrate (in situ) and on coating flakeSECHON of a reinforced concrete structure in a thermal sprayed

: ) tanium anode cathodic protection system (Fig. 2). The concre
t d from the substrate and dtoaf der. Crystal-
SUIPPEL TOMN P1C SUBSTE S anc grounc 70 21N POWCer. LIysta labs measured 23 by 33 by 5 cm (9 by 13 by 2in.) and were cé

lographic structure was determined by precise measurements oP™ .
anode lattice parameters using the National Institute of Stand-Wlth 3.2cm (1.251in.) concrete cover over No. 16 expanded ste
ards Technology (NIST) 640 silicon powder “d” spacing stand-
ard. The measurement error for lattice parametersa61 A

for the powder samples and a factor of two to three times large

for the in situ samples.

POMBINSY 1984

mesh simulating the rebar. The concrete mix design approx
mated that used in Oregon’s coastal bridges in the 1930s and
;A water-cement ratio of 0.48. Sodium chloride was added to t
concrete mix at 3 kg NaCl/f5 Ib NaCllyd) of concrete to ap-

The chemistry of the anode exterior surface was determined'orOXimaIte the present salt content of O'd?f coas_tal bridges
Oregon. Slabs were cured for four weeks in a moist room, the

by a combination of x-ray photoelectron spectroscopy (XPS), ~. ~~.
using a 60Qum spot size, and argon ion sputter etching at a rate & dried for one week. The top surface of each slab was prepar

of 0.7 A/s (based on Sid This combination produced profiles In .the. same way as concrete surfaces. in the anode Chf”
of composition versus depth in the outer @2 of anode sur- terization part pf the study, by sar_ldblastmg and then blowm
face. Survey scans were performed to determine the element ee of dust. Prior to thermal spraying, the area around the wi

present and their binding energies. Based on the adventitioud"at leads to the steel mesh was masked off to a distance of 3

carbon peak, there was no evidence of charging of the sample m to prevent electrical contact between the lead wires and t
during XPS a{nalysis itanium anode to be applied. The slab surface was then ther

The resistance of the anode during coating application andsprayed with titanium using robotic control and the same appli
during electrochemical aging was measured with a Spring_cation conditions used in the anode characterization part of t

loaded, multipin probe (developed by Oregon DOT) and an al- study.
ternating current-resistance meter (Ref 1A).four-point
measurement technique was used to eliminate contact resis- Steel Ti anode
tance. Anode thickness was measured using SEM photomicro- Wire to mesh

graphs of anode cross sections. Anode resistivity was computed \
from these measurements.

- Concrete
B /_Steel mesh
2.3 Anode Electrochemical Aging :

Electrochemical aging was studied using catalyzed titanium
anodes thermal sprayed on concrete slabs containing a steel
mesh cathode. The experiments were conducted to determine Fig. 2 Construction of laboratory concrete slabs
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The titanium anode was catalyzed using a cobalt-nitrate- ICCP system, zone 14 was operated at a current density of 2.8 to
amine complex, which was converted to cobalt oxideQOz0 3.8 mA/nf (0.26 to 0.35 mA/ft) with a voltage of between 1.4
during its application as an aqueous acidic solution (pH 3.47).and 1.7 V. Two 5.1 cm (2 in.) diameter core samples were taken
The solution consisted of divalent and trivalent cobalt, con- from the southwest corner of zone 14 after approximately 1.4
tained a total of 60 g Co/L, with the divalent cobalt present as co-years of operation for purposes of characterizing the anode-con-
balt nitrate, the trivalent cobalt present as an amine complex crete interface of the aged bridge anode. At the time of coring,
and a Co(lll)/Co(ll) ratio of 0.25. It was applied to the anode the titanium anode electrochemical age was 146 k(38 AT
with the ICCP system operating, that is, with the titanium anode h/ft?).
polarized anodically to the rebar. Impressed current cathodic ~Characterization Techniques.The electrochemically aged
protection operation was continued for a minimum of 72 h after anode was characterized by the same techniques used to charac-
catalyst application (Ref 14). In this way, the cobalt absorbed terize the unaged anode. In addition, the strength of the anode
into pores of the anode and cement paste was converted to theond to the concrete and the chemistry of the anode-concrete in-
active catalyst, GfD,. The CaO,4had a spinel structure with the ~ terface were determined. Bond strength was measured with a
divalent ion in the tetrahedral interstices, and the trivalent ion in Universal tensile testing machine and 5 cm diameter aluminum
the octahedral interstices (Ref 1, 21), was a p-type semiconducdollies (Ref 5-11, 18) epoxied to the anode surface. _
tor (Ref 1, 22), and was a highly active catalyst for surface reac- 1 he pH of the anode-concrete interface was measured using
tions involving oxygen (Ref 22, 23). a ter.n.peratur_e-compensated mlcro_-comblnatlon pH electrode

The cobalt catalyst was brush applied to the titanium anode at€duiring as little as 0.1 mL of solution (Ref 18, 24). Standard
full strength and at an application rate of 0.344 21'_(010087 soil pH methodol.ogy (Ref 25) was modified forthe small size of
gal/ftz) approximately two months after the slabs were thermal the san_wple_s available from the anode-concrete interface. Pieces
sprayed. Catalyst application was done with the titanium anodeof the titanium anode were manually parted from the concrete

polarized anodically to the steel mesh at a current density of 29”_Sing a thin blade. A_drop of deionized water was applied to th_e_
mA/m2 2.7 mA/ftz). Anodic polarization of the titanium anode side of the anode adjacent to the concrete and allowed to equili-

was continued for a period of one month. Anodes on four Ccm_brate 5 min with adhering concrete residues. The pH of the water

crete slabs were catalyzed in this way. A fifth slab was used as éirop was then measured. The same procedure was “?ed on
control and had no catalyst applied to the anode. scrapings removed from the concrete surface exposed during re-

Electrochemical aging (Ref 5-11, 18) of the laboratory an- moval of the anode. These scrapings were formed into a slurry

. with a drop of deionized water. They represent a volume of inter-
odgstr\]/vas cogducted ata c(;J:renttdfTS||2y of 21 ;ﬁlegggf‘gr)ﬁ face immediately adjacent to the residues adhering to the anode
Zn[h/ftze a:o elts \llvgrefagte ?anz%g ¢ ar?ti IC()C?MAIIIfw/ftZ and displaced from them by roughly 0.1 mm. The pH measured
This w;.s(ar:n gcfe)llle{]r%t:fj?;?e c.ompacr(()er(]jvteo current densitizss typion the concrete side of the interface (scrapings) was typically

higher byY» to 1 full pH unit f that d on th d
cally used by the Oregon DOT for coastal ICCP systems (2.1 Igner Dyw2 to % T pre LT from at measurec on :he anoce

> 2 ; surface due to the buffering action of the increased amount of
mA/m?, or 0.2 mA/ft), and the total charge was equivalentto - cement paste in the slurry sample.

approximately 23 years anode service on a coastal bridge. Aging
was conducted in a controlled environment room at approxi-
mately 24 °C and 75 to 90% relative humidity (RH), exceptdur- 3. Results and Discussion

ing one period when the room RH was varied several times from

30 to 100%. The slabs were periodically wetted with deionized L
water to simulate the wet-dry cycles experienced by coastal3'1 Unaged Anode Characterization

bridges exposed to rain, fog, and dew. _ Titanium anodes, formed using eithes & air atomization,

Field Aging Experiment. The Depoe Bay Bridge (OR) on gy hyilt up of individual molten droplets that impact the surface
U.S. Highway101 consists of the original 1926 reinforced con- peing coated, spread over it to form “splats” as freezing struc-
crete structure and a reinforced concrete widening bridge builtyreg develop, and weld to adjacent splats. Rough measurements
in 1939. Installation of a consumable zinc anode CP system was,¢ splat sizes in BE SEM images showed them to be 100 to 200
completed in early 1996. However, in this project, a 280 m |;m in width and 10 to 2fim thick, with some larger and smaller
(3015 ff) cobalt-catalyzed, thermal sprayed titanium anode was than these sizes. These dimensions were typical of those for
installed in CP zone 14 on the bridge (Ref 14). Anode applica- thermal sprayed coatings of many other materials (Ref 17).
tion parameters were the same as for the laboratory slabs with  x-Ray Diffraction. The primary crystalline phases present
the following exceptions: the atomizing gas was air, and appli- jn the anode were the hexagonal close-packed (htignium
cation was by means of a hand-held spray gun. and a face-centered cubic (fcc) structure similar to TiNyand

The field titanium anode was catalyzed with the same cobaltTiO. The TiQ, and the body-centered cubic (b@sjitanium
catalyst used in the laboratory aging experiments. The catalysivere not detected.
was pressure sprayed as an aqueous acidic solution onto the tita- X-ray diffraction measurements showed thatdhgtanium
nium anode in three coats, the first two coats at full strength andattice expanded. The lattice parameters of putiganium, free
the final coat as a 1 to 1 dilution. The total application was 0.344 of interstitial elements, wegeaxis 2.950 A and-axis 4.682 A,

L/m? (0.0087 gal/ft) of full strength catalyst. A minimum of 30 with ac/a ratio of 1.587 (Ref 24). Measured values for the ther-
min drying time was allowed between each coat. During appli- mal sprayed anodes were 2.973, 4.788, and 1.610 A, respec-
cation, the anode was polarized at a current density of 10.8tively. They show the lattice was greatly expanded along the
mA/m? (2.0 mA/flz) with the titanium anodic to the rebar. Asan c-axis and indicate the-titanium lattice contained substantial
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oxygen and/or nitrogen dissolved in the hcp phase oita- with depth, and the anode surface appeared more oxidized f
nium saturation values were 22 at.% for nitrogen (Ref 26, 27) anodes formed using air atomization.
and 34 at.% for oxygen (Ref 28). Analytical SEM. Figure 5 shows typical views of thermal

The measured-axis for the fcc phase was 4.215 A. The sprayed titanium anode cross sections on concrete for an ana
TiO was the only titanium oxide that had a fcc structure.@fhe  formed using air atomization. Figures 5(a) and (b) are images ¢
axis fory-TiO was 4.180 A at 46 at.% oxygen and decreased the same area viewed by SE and BE, respectively. The BE i
with increasing oxygen content (Ref 28). Tdaxis for the fcc ages clearly show the composition gradients (bright areas are
TiN was 4.207 A at 28.5 at.% nitrogen and increased with in- gions with high average atomic number; dark regions are lo
creasing nitrogen content (Ref 27). The likely structure for the atomic number) that define reaction zones developed betweg
fcc phase includes both oxygen and nitrogen, for example,the initially molten or hot titanium and oxygen and nitrogen in
Ti(O,N), and would represent a minimum in lattice energy gen- air. The boundaries of individual splats are lined by these reag
erated by the inclusion of the larger nitrogen ion (1.71 A radius) tion zones and give the image a banded appearance. The dar
in the same structure as the smaller oxygen ion (1.32 A radius)yions are richer in oxidized titanium, that is, TiN, TiO, and/or
(Ref 29). A minimum lattice energy would correspond to a Ti(O,N). The light regions are richer atitanium containing
measured-axis value intermediate between the values for the interstitial nitrogen and oxygen.
TiN andy-TiO structures.

X-Ray Photoelectron SpectroscopyOnly titanium, oxy-
gen, nitrogen, and carbon were detected on the anode surface it
XPS survey scans. Carbon disappeared within the first 120 s of
sputter etching, indicating it was adventitious carbon and not
part of the anode chemistry. Figure 3 shows titanium XPS peaks
as a function of sputter etching for the anode formed usjrag-N
omization. The lowest curve in the figure corresponds to that
produced by the unetched surface. Each succeeding curve was
produced after sputter etching for 120 s. Twenty cycles of sput-
ter etching are represented in Fig. 3, for a total analysis depth of 3
0.15um. At the very surface of the anode, the Ej2pinding
energy peak was at 459.3 eV, close to the value 458.8 eV charac:
teristic of titanium in TiQ (Ref 30). After two or three sputtering
cycles, this peak disappeared and a newsJigpak emerged at
455.3 eV, which increased in height with each sputtering cycle.

POMBINSY 1984

Low angle display

urface at front

This peak is close to that for titanium in metallic titanium (454.2 471.0 Binding Energy (eV) 451.0
eV), TiO (455.1 eV), and TiN (455.8 eV) (Ref 30), and the

Ti2ps;zpeak at 455.3 eV is the sum of contributions from TiO, Tiin TiO

TiN, and metallic titanium bonds. This would indicate titanium 2

is present in the anode largely as metallic titanium and as Ti(ll AL A
witF;I bonds to oxygen and ?litr)(;gen. W Tiin TiO-TiN-Ti
With sputtering, binding energy spectra for oxygen quickly  Fig. 3 Ti2pz/pand Ti2pppeaks as a function of sputter etching;
transitioned from energies characteristic of Ji@those of TiO. anode formed usingatomization
Spectra at binding energies characteristic of TiN (Ref 14)
showed little nitrogen present at the anode surface, but nitroger
concentrations increased rapidly with sputter etching.
Figure 4 plots XPS spectral data for titanium anodes formed Ti
using N atomization as a function of sputter etching to give the 3 o
composition depth profile for the anode near-surface region. Af- @ /
ter several sputter cycles, oxygen decreased with increasing'é_ so
depth in the coating, while both nickel and titanium concentra-
tions increased with depth. The anion-to-cation ratio, (O +
N)/Ti, decreased from 2 at the surface (discounting contribu-
tions from carbon) to 1 at a depth ofj@nd. This indicates a very
thin outer region of Ti@ that transitions quickly to a region
composed of metallic titanium and Ti(O,N). This }i®present
in such a small amount that it would be undetectable by XRD.
The composition depth profile for anodes formed using air at- o
omization had the same general features as Fig. 4. However
while the nitrogen curve was almost identical, the titanium curve

was somewhat Iower,_ and the _oxyger_1 Curve_ was higher. As a Fig. 4 X-ray photoelectron spectroscopy composition depth profile
consequence, the anion-to-cation ratio declined more slowly for anode formed usingfatomization

Concentration
N
(4

N

o 250 500 750 1000 1250 1500 1750
Distance, Angstroms
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Fig. 5 Photomicrographs of polished cross section of anode thermal
sprayed on concrete using air atomization. (a) Secondary electron im-
age. (b) Back-scattered electron image of area in (a). (c) Back-scat-
tered electron image
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Primary cracks in the anode occurred in the heavily oxidized
reaction zones at the interface between adjacent splats. These
cracks were the source of secondary cracks that radiated from
the interfacial cracks into and across splats to other reaction
zones. Comparison with anodes formed usipgatdmization
showed the latter had a more uniform coating chemistry, and
there was less primary and secondary cracking.

Figure 5(c) is a lower magnification view of the BE image in
Fig. 5(b). It shows good conformation between the anode and
the rough concrete surface. Penetration of the splats at the inter-
face into surface roughness of the concrete in this way ensures a
good initial mechanical bond for the anode.

The arrows in Fig. 5 define the path of a line scan to deter-
mine local composition of the anode. The numbers refer to indi-
vidual splats distinguished in Fig. 5(b). Figure 6 shows the
results of the line scan. Six splats are clearly defined by these re-
sults. The boundaries of the splats are characterized by a sharp
rise in oxygen concentration and substantially reduced titanium
and nitrogen concentrations. These results are qualitatively
similar to those obtained by XPS for the anode surface (Fig. 4),
that is, high oxygen and depressed titanium and nitrogen con-
centrations at the splat outer surface. The line scan results show
that the splat chemistry between the boundaries, that is, the splat
internal chemistry, is fairly uniform with measured oxygen and
nitrogen levels of 10 to 20 at.% each and titanium levels of ap-
proximately 70 at.%.

Line scans were performed on a series of cross sections from
anodes on concrete formed using air apdatémization. The
average anode composition was calculated as the mean of the
values along these multiple scans (Table 2). Anodes formed us-
ing air contained more oxygen and less nitrogen and titanium
than for those formed usingNT'he anion-to-cation ratio, (O +
N)/Ti, was higher for air, 0.48, compared tg Atomization,

0.43. Based on a mass balance and the principle anode constitu-
ents,a-titanium and Ti(O,N), this suggests there is less metallic
titanium in anodes formed using air rather thgrabdmization.

If much of the oxygen and nitrogen in the anode is present as in-
terstitials ina-titanium (and the XRD results show this to be the
case), it follows that more than 50 at.% of the titanium in the an-
ode is present as metallic titanium, regardless of whether the an-
ode was formed usingdr air atomization.

-~— concrete outer surface —
1004 [ 5 4 3 2 1
k]
o
® 807 %
<
s \
B 60
oqz-; o Ti
N
S 40 /
[+
(8]
20 ’,,-.‘ i 7 % o A j ) [\’ n
I 1 f = v
0 A \xi' . , \x;'\/' l\{ \d
1] 50 100 150 200

Distance, ym

Fig. 6 Composition-depth profile along traverse indicated by arrow
in Fig. 5(a) and (b). Anode formed using air atomization
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Table 2 Average composition of anodes formed on concrete

—

Substrate and Anode composition, at.% Anion/cation ratio,
atomizing gas 0 N Ti (O + N)/Ti
Borosilicate glass, air 17.7 14.6 67.5 0.48
Concrete, air 19.3 13.0 67.5 0.48
Average 18.5 13.8 67.5 0.48
Borosilicate glass, nitrogen 13.2 171 69.6 0.43
Concrete, nitrogen 13.9 16.5 69.5 0.43
Average 135 16.8 69.6 0.43
Table 3 Composition of phases in anode freezing structures

Image Area Composition, at.% Anion/cation ratio,
Area description (0] Ti (O + N)i

Fig. 7(b)—1 White 9.0 15 89.4 0.12

Fig. 7(a)—2 Light gray 124 18.0 69.5 0.43

Fig. 7(c)—3a Light phase 28.4 15.7 55.9 0.79

Fig. 7(c)—3b Dark phase 42.1 17.3 40.5 1.47

Fig. 7(d)y—4a Light phase 10.9 0 89.1 0.12

Fig. 7(d)—4b Dark phase 8.7 9.0 82.3 0.22

L Ky iy o
T "_-h h_! L | . '
-:" :f'ﬂ'l:’.*

=

(d)

Fig. 7 Freezing structures in anode formed using air atomization. (a) Back-scattered electron image of anode cross sectionatfmwofighalysis

areas 1 through 4. (b) Analysis area 1. (c) Analysis areas 3a and b. (d) Analysis areas 4a and b.
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Solidification Processes.The microstructure of thermal phase is interdendritig-TiO (or Ti(O,N)). The XRD data
sprayed anodes depends upon cooling rate and chemical compehowed lower temperature titanium oxides, such g3y%r a-
sition. Equilibrium solidification typically occurs at cooling TiO, were absent from the freezing structures.
rates below 19K/s for hcp materials such as titanium because of ~ Resistivity. Applicators of thermal sprayed titanium anodes
the low thermal conductivity associated with this crystal struc- commonly use anode resistance to determine when the coating
ture (Ref 31, 32). Above /s, rapid solidification processes s sufficiently conductive to meet design specifications (Ref 14).
can occur, and nonequilibrium metastable microstructures form,For service as an electrical conductor, designers of CP systems
with the result being increased solute solubility and decreasedneed an anode with low, uniform initial resistance and with a re-
grain size (Ref 33). Cooling rates were computed for molten ti- Sistance that does not change significantly with electrochemical
tanium splats on titanium and concrete substrates, using both th@&ge.
thick and thin weld cooling rate equations (Ref 34). Computed ~ Table 4 shows the resistivity of uncatalyzed, unaged coatings
cooling rates were low due to the fact that concrete is a poor heaformed on borolsilicate glass plates and determined by measure-
sink and ranged from 10 to 150 K/s. These values were well be-ment of coating resistance, area, and thickness. These values are
low those leading to rapid solidification. Thus, local equilibrium Significantly higher than those for constituents of the anodes,
was maintained at the melt/solid interface, and splat freezingthat is,a-titanium,y-TiO, and TiN (see Table 1). They suggest
structures are defined by the equilibrium phase diagram, for ex-that cracking within the anode, the heterogeneous anode compo-
ample, Fig. 1, and characterized by the composition and tem-Sition, and the presence of Ti(O,N) have substantially degraded
perature at the solidification front (Ref 35). electron conduction paths within the anode.

Figure 7 shows typical anode freezing structures on concrete _ 1he resistivity of anodes formed using Btomization was
slabs. These correspond to compositions given in Table 3. Fig-#0% lower than that for anodes formed using air atomization.
ure 7(a) shows the location of the areas imaged and analyzedTh'S lower resistivity agrees with the observation of less crack-

Figures 7(b) and (d) show structures formed following cooling "N, More uniform composition, and lower oxide (or Ti(O,N))
curves similar to line 1 in Fig. 1 for the alloy with 88 at.% Ti. content for anodes formed using &tomization. It suggests that

(Analogous structures formed, following a similar line in the bi- Fz atomlgfz_;ltlci_n has bgneﬂt; that d_|rectly affect atnode_ ap%hca-
nary titanium-nitrogen system.) Thetitanium dendrites were lon Specifications and anode SErvice as a currént carrier. by ex-

the first phase to freeze from the molten splats. With further fgg;'grrgcggreaﬁg";g\cvrganOdaerecncf[Teps?;'it\'/?tn igﬂlét;lf;éugs’uﬁlgh
cooling a peritectic reaction involving molten titanium and the 9 b Y, y

a-titanium formed a second phagetitanium. Because diffu- using a shroud to reduce air entrained in theided to atomize
sion in the solid phase was SIow com are;j to diffusion in thethe molten fitanium. Reduced levels of Ti(O,N) might also be
molten titanium tﬁ:e eritectic reaction [()jid not proceed to com- achieved by doping the titanium with tungsten, tantalum, or nio-

. e p . ianotp bium to change the semiconducting properties of the splat oxide
pleyon,consumlng qnlya_frac_non ofthq|tan|um,aqd S€Ore-  okin. Such dopants increase the conductivity of the oxide,
gatlon_ occurrec_i V\.”th B-titanium coatlng thea-mamum thereby reducing the oxidation rate of the titanium (Ref 36, 37).
dendrites. Th@-titanium formed by the peritectic reaction con-

tained lower concentrations of interstitial oxygen (and nitrogen)
than thea-titanium initially formed (Table 3). As the solid struc-
ture cooled further, th&-titanium transformed ta-titanium be-

cause oxygen (and nitrogen) exetitanium stabilizers. The  ith the exception of the uncatalyzed anode, titanium anode
XRD data showed this transformation was complete. Hence, inperformance in the laboratory was stable over the entire period
BE images 7(b) and (d), the dark dendrites are the iniféa- the anodes were electrochemically aged, equivalent to 23 years
nium. The lighter interdendritic material is alsetitanium, service at Oregon DOT coastal ICCP conditions. The electro-
which transformed frorfi-titanium and contains lower concen-  chemical performance continued relatively unchanged with ag-
trations of interstitial oxygen (and nitrogen) than the dendrites. jng for this period, while the mechanical durability of the anode
The freezing process is substantially different when the melt syrface deteriorated.
contains much lower levels of titanium (<75 at.% Ti) and higher  Electrochemical Performance Figure 8 shows the voltage
levels of oxygen. Figure 7(c) shows the structure formed follow- of catalyzed and uncatalyzed anodes on concrete slabs from the
ing cooling curves similar to line 2 in Fig. 1 for the alloy with 66  |aboratory study as a function of electrochemical aging. For an
at.% Ti. Thea-titanium dendrites again were the first solid age of 700 kC/|7n(18.l A[h/ftz), equivalent to ten years ser-
phase to freeze from the molten splats. With further cooling, fcc vice, the catalyzed and the uncatalyzed anodes performed essen-
y-TiO (or Ti(O,N)) freezes from the melt and coats théta- tially the same. For the uncatalyzed anode, this appeared to
nium dendrites. The-titanium dendrites contain substantially represent an induction period, and the slab voltage increased
less oxygen (and nitrogen) than {R&O (Table 3). Thus, in BE ~ markedly thereafter with aging, depending upon the humidity
image 7(c)p-titanium dendrites are the light phase, and the dark and wetting of the anode. The first two peaks in the uncatalyzed
anode curve (beginning at 700 kC?brru:orrespond to periods

3.2 Anode Electrochemical Aging

Table 4 Resistivity of titanium thermal sprayed on when the RH was decreased to 30% and then raised to 100%.
borosilicate glass plates The voltage of the uncatalyzed anode rose steadily beyond 1200

. T ] - kC/nm? (at a RH of 70 to 80%) and decreased only when the an-
Atomizing gas Resistivity, i tem Ratio to air resistivity ode was periodically wetted with deionized water. In contrast,
Air 3562 1.00 the voltage of the catalyzed anode varied little with longer aging
Nitrogen 2160 0.61

or with wetting.
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Slab voltage, V, is shown as a function of relative humidity formed on glass plates (Table 4). The resistivity of the catalyze
(RH) in Fig. 9 for catalyzed and uncatalyzed anodes during theanode formed by Natomization increased with aging, but again
period when the laboratory humidity was varied. The voltage for was 40% lower than that of the same anode formed by air ato
the catalyzed anode increased fom 2.5 to 7.0 volts when the huzation. Thus, aging results in an increase in anode resistivity, r
midity decreased from 100 to 30 pct RH. The increase in voltagegardless of how the anode was formed or the prior treatment ¢
with decreasing RH was linear and very slight, indicating the the anode. The use obldtomization (compared to air atomiza-
catalyzed anode performance was not strongly dependent upotion) reduces resistivity substantially for both the unaged an
RH. Furthermore, it indicates sufficient water was delivered to aged anode.
the catalyzed anode from the environment to maintain the anode The resistivity of the unaged, catalyzed Depoe Bay Bridge
reaction without undue polarization of the anode. A least anode was similar to that measured for the unaged anode on c¢
squares fit of the catalyzed anode data shows the humidity decrete slabs. Like the anodes on concrete slabs, anode resisti
pendence of the slab voltage to be: on the Depoe Bay Bridge increased with electrochemical ag¢
After 2%, years of anode operation, equivalent to the passage
215 KC/nf (5.6 AEh/ftz) charge, the anode resistivity had in-
creased by 15%.

The bond strength of unaged, uncatalyzed titanium anode

In contast, the voltage for the uncatalyzed anode rose sharply,, concrete, sprayed using both air andatemization, aver-
and to unacceptably high levels with decreasing RH. A Ieastaged 1.1& 0.18 MPa (Ref 14). Bond strengths decreased suk
squares fit of the uncatalyzed anode data shows the humidity deétantially with aging. For example, the bond strength of the
pendence to be: aged, uncatalyzed anode was negligible, and the anode was
V = 92.04-0.8172RH (Eq4) able and easily damaged by abrasion.. The bond strength of t

aged, catalyzed anode was approximately 25% that of t

POMBINSY 1894

V = 6.98-0.0314RH (Eq3)

This suggests the uncatalyzed anode has become passive and i~ 80
exhibiting limited valve metal characteristics. It agrees with the * -
work of others (Ref 38), where uncatalyzed titanium oxide films .
were considered for use as humidity sensors because the', ¢o
showed increased levels of ionic conduction when water ab-
sorbed on their surface.
Anode Properties.Table 5 shows the properties of unaged

and aged anodes on concrete slabs. The resistivity of the unage »>
anode produced by air atomization was 10% lower after it was s

oltage, V

40 uncatalyzed

catalyzed. With aging, the resistivity of the uncatalyzed anode @ 29| catalyzed SN |
increased to almost three times that of the unaged anode. The r TR
sistivity of the catalyzed anode also increased with aging, but the e a ]
increase was less than that of the uncatalyzed anode, that i 0

7200uQ [km vs. 828QuQ [tm. These changes may be due to 20 40 60 80 100
microcracking within the anode as a result of the brittle nature of Relative Humidity, pct

the coating and chemical and structural changes within the ce-
ment paste at the anode/concrete interface.

The resistivity of the unaged, catalyzed anode formedzby N
atomization was 40% less than that of the same anode formed b
air atomization, in agreement with the results for coatings

Fig. 9 \oltage requirements of thermal sprayed titanium anode as a
function of relative humidity. Anode current density 21.5 mA/m

80

[=2)
>
T

uncatalyzed \

Slab Voltage, V
&
(—]

201 catalyzed
g Y ¥ Ty
o T : J 1
0 400 800 1200 1600
Charge, kC/m? , _ _
] Fig. 10 Back-scattered electron scanning electron micrograph of
Fig. 8 Slab voltage as a function of electrochemical age (in @ii/m cross section of aged, catalyzed anode formed using air atomization
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unaged anode, but superior to that of the aged, uncatalyzed arstripped from this zone as a consequence of the anode-concrete
ode. While the aged, catalyzed anode was also friable, it wasnterface acidification. The skeletal structure that remains in the
more durable and less easily damaged by abrasion than the agerkaction zone and supports the aged anode contains insoluble
uncatalyzed anode. The bond strength of aged anodes formedoncrete constituents, such as silica and alumina minerals and
using N> atomization was marginally higher than that of aged fine aggregate.
anodes formed using air atomization. However, loss of bond  Cracks present in the Ca-deficient, silica-rich reaction zone,
strength on aging did not result in loss of coating from the con- Fig. 11(a), extend only the width of the reaction zone and appear
crete surface except when the anode was abraded. to have formed during electrochemical aging. They typically are
Anode-Concrete Interfacial Chemistry. The pH of the the site of deepest penetration of the reaction zone into the con-
unaged, uncatalyzed anode-concrete interface was 11.1,Table Erete and probably serve as conduits for moisture and hydrogen
close to the value of 12 to 13 typical of concrete (Ref 18, 24). ions to the cement paste. Their presence suggests that the silica-
The pH of the interface dropped to roughly 6 to 7 with aging, in rich structure in the reaction zone is brittle and easily damaged.
agreement with changes predicted by anode reactions 1 and 2ZT'hus, the low bond strength and increasingly friable nature of
The decrease in pH was greatest for the aged, uncatalyzed arthe anode with aging is seen to be a consequence of acidifica-
ode. The decrease represents the loss of hydroxyl ions from théion.
cement paste and the inability of the concrete to buffer these NACE Interantional (Ref 45) suggests a maximum anode
losses at a rate comparable to anode reactions 1 and 2, i.e., thairrent density of 108 mA/ﬁ(lO mA/ftZ) to prevent significant
process of acidification. Acidification of the anode-concrete in- deterioration of the anode-concrete interface from acidification.
terface for nonconsumeable anodes is well documented (Ref 39This limit may work well for embedded anodes where a 1 to 2
-42) and can result in the deterioration of the cement paste. Themm thick reaction zone would not affect anode contact with the
efects are strongly dependent upon the anode current densitgoncrete or structural integrity of the anode installation. How-
(Ref 39, 40). ever, the volume of cement past relative to anode surface area in
Figure 10 shows a BE SEM photomicrograph of a typical a 1 to 2 mm layer surrounding an embedded mesh anode and
aged anode cross section. The titanium anode is the light band available to neutralize the products of acidification is 2 to 3
the top of the image. A reaction zone characterized by the loss ofimes that for planar thermal sprayed anodes. The impacts of
cementitious material from the cement paste lies below it. This acidification could be mitigated by application of a thin porous
reaction zone grew in width to 1 to 2 mm as aging progressed. Itmortar overlay on the anode. Presumably this would increase
is a consequence of acidification and results from the dissolutionthe availability of neutralizing Ca minerals and enhance the ap-
of calcium minerals from the cement paste (Ref 43). Below the pearance of the anode surface without affecting anode opera-
reaction zone was a layer of dense concrete where the calciuntion.
minerals displaced from the reaction zone are deposited in Penetration of the cobalt catalyst into and dispersion
voids, pores, and cracks. Dense concrete layers surroundinghroughout the reaction zone is evident in Fig. 11(d). In fact, the
nonconsumable anodes have been reported previously for titahighest concentration of cobalt is located primarily at the bound-
nium mesh anodes embedded in concrete (Ref 44). ary between the reaction zone and the dense concrete. This sug-
Figure 11 shows a BE SEM image and element maps for tita-gests that the cobalt catalyst, originally located at the
nium, calcium, and cobalt, obtained by EDS x-ray analyses of anode-concrete interface, dissolves in the increasingly acid en-
the same area for an aged, catalyzed anode. The titanium anodgronment of the interface as aging proceeds and disperses into
is the bright band across the top of Fig. 11(a) and the correspondthe reaction zone to reprecipitate again agdzolt also sug-
ing bright band in the titanium element map shown in Fig. 11(b). gests that the site of anode reactions 1 and 2 becomes more dif-
No migration of titanium into the concrete is evident in Fig. fuse with dispersion of the catalyst and includes the entire
11(b). Figure 11(c) shows the region identified as the reactionreaction zone. Dispersion of the catalyst away from the anode
zone. Calcium initially present in the cement paste has beernand into the more basic concrete environment should protect

Table 5 Properties of unaged and aged titanium anodes on concrete

Anode Electrochemical age, Resistivity, Bond

description (a) kC/m?2 HQ Tm strength, MPa Interfacial pH
Concrete slabs

Uncatalyzed, unaged, air 0 2860 1.18 11.1
Catalyzed, unaged, air 0 2570 e e
Catalyzed, unaged, nitrogen 0 1550 . .
Uncatalyzed, aged, air 1520 8280 0.01 5.7-5.9
Catalyzed, aged, air 1520 7200 0.26 6.6-6.9
Catalyzed, aged, nitrogen 1520 4310 0.28-0.35 6.2-7.7
Depoe Bay Bridge, zone 14

Catalyzed, unaged, air 0 3150 e e
Catalyzed, aged, air 102 3390 11.4
Catalyzed, aged, air 215 3650

(a) substrate, catalysis, aging, and atomizing gas.
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the catalyst from the leaching effects of repeated wettings byremains is a silica-rich zone containing a small amount of al
precipitation, fog, and dew and lead to a longer catalyst life. Themina. Cobalt is distributed throughout this zone and is present
stability of the catalyzed anode operating voltage with aging, levels as high as 8 at.%.
Fig. 8 and 9, indicates dispersion of the catalyst into the reaction Cross sections of the aged, catalyzed anode from the Dep
zone and does not adversely affect anode performance. Bay Bridge were analyzed in the same way as the laboratory a
Figure 12 shows a composition-depth profile for the traverse odes. High concentrations of the cobalt catalyst remained at t
(arrow) in Fig. 11(a). The region from approximately 0.06 mm anode-concrete interface after aging for 146 I&’.‘,F?neexisting
(the titanium anode) to 0.65 mm (the reaction front) representscracks in the concrete near the anode-concrete interface we
the reaction zone. In this region there is almost no calcium. Whatfilled with precipitates containing cobalt, presumably;G¢

POMBINSY 1984

(b)

(d)

Fig. 11 Cross section of aged, catalyzed anode formed by air atomization. (a) Back-scattered electron scanning electron micges¢bpyiikoa
x-ray map. (c) Ca K x-ray map. (d) Co K x-ray map. Arrow in Fig. 11(a) is the path of analytical scanning electron microscopy traverse for compositic
depth profile shown in Fig. 12.
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100 Ti(O,N)-rich regions typically representing the splat skin at the
time of impact. Cracks originated in the Ti(O,N)-rich regions,
paralleling the layer interface, with secondary cracks across
titanium-rich regions, connecting other primary cracks. Anode
resistivity was governed by the heterogeneous splat composi-
tion and structure. Anodes produced by &tomization had
more uniform composition, less cracking, and lower resistivity
Ca than those produced by air atomization.

Electrochemical aging of catalyzed anodes substantially
lowered the pH of the anode-concrete interface due to acidifica-
tion resulting from the anode reactions. This led to etching of
concrete at the anode-concrete interface and loss of calcium
1 from the associated cement paste, producing an ever-widening

Ca deficient, silica-rich reaction zone at the interface. The silica-
rich structure that remained was brittle, readily cracked, and was
Fig. 12 Composition depth profile for traverse in Fig. 11(a) for aged, damaged by ab_ra3|on_. Anode bond_Strength _and dUIjablllty was
catalyzed anode formed by air atomization reduced over time with the formation of this reaction zone.
However, anode losses from the concrete did not occur except

Some dispersion of the catalyst into the cement paste occurredvhen the anode was abraded. Aged anodes produced using N
during application. There was no evidence beneath the anode oftomization exhibited lower resistivity and marginally higher
the formation of a reaction zone as seen at the interface of thd0nd strengths than anodes produced using air atomization.
aged laboratory anodes (Fig. 10 and 11a). However, the meas?9€d, uncatalyzed anodes had substantially lower bond
urements in Table 5 show the anode resistivity increased withstrengths and higher anode resistivities than aged, catalyzed an-
aging, suggesting that some changes in the bridge anode, anal®des- _ .
gous to those observed for the laboratory anodes, occurred with  Cobalt catalyst, applied to the anode as an aqueous cobalt ni-
aging. The absence of a reaction zone may simply mean mordraté-amine complex, penetrated the anode and accumulated at
aging must occur for it to be visible by the means used in thisth€ anode-concrete interface and in cracks within the concrete
study. Another interpretation, of more interest in terms of CP adjacent to the interface. Anodic polarization during and after
system service life, would suggest that accelerated aging in thé2PPlication converted the cobalt to the active catalysggo
laboratory exaggerated the effects of the anode reaction on the/Vith aging, cobalt catalyst dissolved in the increasingly acid en-
anode-concrete interfacial chemistry. In this argument, the low Vironment of the interface and dispersed into the Ca-deficient,
current density used by Oregon DOT for coastal ICCP Systemssmca-rlch reaction zone to reprecipitate an(_j fo_rm a more dif-
more readily allowed a high pH environment to be maintained at fuse site for the anode_ reactions. Cataly_zgd titanium anodes per-
the anode-concrete interface and less structural damage fronio'med well over a wide range of humidity (30 to 100% RH)
acidification occurred to the concrete supporting the anode. This\Vith little change in operating voltage at a constant current den-
would lessen the effects of electrochemical aging on the long sity. Stable operation of catalyzed anodes was maintained for a

term durability of the catalyzed titanium anode and increase thePeriod e_quivalent to 23 years s_ervice (1520 Kg/a Oregon .
service life of the anode. DOT bridge ICCP conditions with no evidence that operation

would degrade with further aging. Early results from the field
experiment at the Depoe Bay Bridge suggest anodes may age

4. Conclusions more slowly at low current densities with lesser impact from
acidification.

Thermal sprayed titanium anodes for ICCP of bridges have a

porous, heterogeneous structure and heterogeneous composi-
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