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Final Report: Corrosion Inhibition by Electrodeposited

Conductive Polymer Films, Gr. No. DAAL03-89-K-0138
Dale P. Barkey

Department of Chemical Engineering
University of New Hampshire
Durham, NH 03824

Problem Studied

Some structural metals, including stainless steel and titanium, form passive layers that
reduce corrosion rates to very low levels in certain environments. Anodic protection exploits
this effect by inducing and maintaining passivation by chemical or electrical means. In
this study, passive films were supported electrochemically by conductive polymer coatings
electroformed directly on the metal to be protected. Poly(3-methyl thiophene) was chosen
because it contains a reversible couple in acidic aqueous solution that lies within the passive
region for stainless steels and titanium, and because it is a relatively stable conductive
polymer. A principal advantage of this forra of protection is that the protected surface
need not be completely covered by the coating. If the coating is breached, it still acts to
passivate the substrate. As a means of maintaining anodic protection, these coatings have
advantages over direct imposition of a potential with a power supply. The most obvious
advantage is in energy savings, since the coating is spontaneously regenerated by ambient
oxygen. In addition, since the polymer becomes non-conductive at negative potentials, it
ceases to drive dissolution if the metal becomes active. It thus has a built in governor that
prevents catastrophic loss of material.

Our approach has been to first characterize the dependence of the properties of a coating
on the conditions under which it was formed. We also studied pretreatments with the
objective of improving adhesion and uniformity. These experiments were performed with
platinum, steel and titanium substrates. The electrochemical properties of the coatings were
examined by conventional electroanalytical techniques.

The coating were then subjected to a range of tests to evaluate their permanence in
corrosive environments and their effectiveness in protecting the metal substrate. We were
interested in the steady-state condition of coated samples, the behavior of coatings galvani-
cally coupled with uncoated samples and the dynamic response of the coatings to excursions
outside the protected potential range.
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What follows is a brief description of results. The original data and details of the
experimental work can be found in the references listed under 'Publications’.

Major Results

Dependence of coating properties on deposition conditions: The coatings were formed by
electrooxidative polymerization in galvanostatic operation. The metal samples, in the form
of disk electrodes one square centimeter in diameter, were immersed in solutions of monomer
in propylene carbonate with an organic electrolyte. An anodic current was imposed on the
working electrode while it was rotated at a controlled rate. A total charge of one half coulomb
was passed in the deposition step, and the coatings varied in thickness between roughly one
and ten micrometers.

The coated electrodes were then transfered to sulfuric acid solution and characterized
by electroanalytic means. We measured the redox capacity of the coatings by integration of
cyclic voltamograms and the exchange current density for oxygen reduction by construction
of Tafel plots. The redox capacity and the exchange current density of oxygen reduction
at the coated electrodes both increased with increasing deposition current and decreasing
rotation rate. The mass of the coating evidently increases under those conditions, probably
because one of the steps in the formation process is homogeneous growth of oligomers in the
solution. At high rates of convection or low rates of oxidation, more material is convected
away from the electrode before it precipitates. We found no evidence of variation in the
microstructure of the coatings with deposition conditions. All of the variation in properties
could be explained by variation in coating thickness.

Surface pretreatment: Metal substrates were prepared with cleaning and polishing steps.
For steel and titanium, it was necessary to further pretreat the substrate to obtain adherent
coatings. Stainless steel was first anodized in phosphate solution to produce a microporous
surface. Polymerization onto the pretreated surface produced adherent coatings. Formation
of adherent coatings on titanium required a two step procedure. First a thin layer was
applied by deposition from a dilute monomer solution containg chloride. A full coating was
then applied on top of this layer by deposition from concentrated monomer solution. The
role of the chloride is to penetrate the passive layer on the titanium and provide points of
direct contact between the metal and the polymer.

Coating permanence: In the time frame of our experiments (up to one month), the coat-
ings retained their effectiveness in both air and sulfuric acid solution. There was, however,
a measurable degree of irreversible chemical degradation within this time. In base, or in the
presence of chloride, the coatings became inactive, and they clearly cannot be used under
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these conditions. The mechanism of attack by chloride appears to be permeation of the
coating follows by an undermining attack on the substrate. Base solution, on the other
hand, attacks the polymer directly and renders it non-conducting. The coatings also became
inactive at temperatures above 50 C.

In one normal sulfuric acid, the polymer may be reversibly reduced to potentials of -0.3V
vs Ag/AgCl sat’d KCl. After being held at potentials equal to or positive of this limit, the
polymer recovers its conductive state and original steady potential (about +0.4V). If the
polymer is driven to more negative potentials and held there for a period of minutes, it is
irreversible reduced and will not recover the conductive state.

Effectiveness for corrosion control: In the case of 430 stainless steel, corrosion protection
was demonstrated directly. Uncoated samples immersed in sulfuric acid solution became
active and corroded rapidly. Coated samples lost no material over comparable time spans
(up to one month). In addition, uncoated samples connected galvanically to coated samples
by an external circuit remained passive as well. The passive state was also maintained on
sections of coated samples that had been scraped free of polymer. The remaining portions
of the coating provided galvanic support for passivation of the entire sample.

We found that the coating does not support the entire corrosion current of the passivated
metal. Moreover, protection was provided even under nitrogen purge where oxygen reduction
at the coating is greatly reduced. Apparently the coating acts to prevent depassivation by
healing small gaps in the passive layer before they spread. This mechanism requires only
periodic and transient discharge of the polymer.

Protection of 430 SS is treated in detail in publication #1.

In the case of titanium, we did not explore conditions where the metal spontaneouly
becomes active. However, we did measure the galvanic current between uncoated samples and
coated electrodes coupled to them. The galvanic current was approximatley six microamperes
per square centimeter of exposed metal in sulfuric acid solution.

Publications

1. "Electrochemically Prepared Poly(3-methyl thiophene) Films for Passivation of 430 Stain-
less Steel,” S. Ren and D. Barkey, J. Electrochem. Soc., 139, 1021 (1992)

2. "Corrosion Inhibition by Electrochemically Prepared Poly(3-methyl thiophene) Films on
Phosphated Steel,” S. Ren, D. Barkey, J. Knight and S. Tukimin, 178th Electrochemical
Society Meeting, Seattle, Washington, October 14-19, 1990. Vol. 90-2, Ab. No. 230.

3. "Passivation of Titanium by Poly(3-methy! thiophene) Coatings,” S. Ren and D. Barkey,
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Appendix A: Publication #2

Corrnsion lnhibition by FElectrochemically Preparnd
Polyv(l-mcthyl thinphene) Films on Phosphated Steel

S, Ren, b, Rarkey, F. Knipght, S, Tokimin

Department of Chemieal Enpginecring
Hniversity of Nex lampshire

Flectroact ive conductive-polymer films on passi-
vating metals mav be used tn pnize the substrate metal
in the pasaive potential range (1,2). Requirements
are that the metal normally he passive under Lhe piven
conditions, that the pnlymer be moderately conductive,
eontain a reversible couple at an appropriate poten-
tial that can be auatained hy an oxidant in the envi-
ronment aned that it ferm a atable mechanical and
electrical bond with the substrate,

We have sdertaken stwlics on paly(3-methy)
thioghenws ), (PINT), Tilms electrodepnnited on phon-
phated 430 stajanless zteel,  Our ponls are to detec-
mine the effecta of Tilm preparation condirions and
corrnsion caviromment and to demonstrare protection of
clean AT0SK 1es1 aamplea patvanicatly coupled to the
compasite (ilms, We report the influernce of
depogition conditions on morpholopy and clectro-
chemienl hehavier anl preseat reanlts of patvanic
corrosion measurements as they depend an convection
condditions at the test zurface add Film characteri-
grica,

Experimental

PWT Cilm: were Formed by clecteooxidative poly-
mecization onto rotating disk clecteades (RDE) from
F.OM 3-methyl thiophene /01N Ltotrabutyl ammonium
toteallusrobhorate (TRATFR) in propylenc carhonate at
canm temperatire under air,  Becanse the polymer docs
unt adheres to palizhed mieant, sabsteates were pre-
treated by anodizi them in concentrated pho oric
acid. The resulting composite electeodes wer  then
ratvanically coupled to elean steel RDFEs.  Both
elertrodes vere fmmersed in air-satorated TN 1550,
with a Ap/AgCl=-sal’'d KCI reference electrode. The
test electrode was rotated, while the composite
electrode wan stationary,

flecanne maintenance of the film potential
depemds on reversibility of the film to the oxidant,
we soupght te optimize the exchanpe current density of
oxypen reduction by variation of film-deposition
conditions. These experiments were carried out on
platinum RDBEs with independent vartation of current
density and rotalion rate. Current densitios were
varied between 7.9 and 980. mA/cmé and rotation cates
between 25 and 6400 RIM.  Deposttion times were
ad juated to produce a total charge of 0.06 coul/em?,
Oxypen-reduction kinet fes were evaluated by scanning
between 0.0 and 1.0V at 2mv/s in IN H3504. Exchanpe
eurrent densitinn were then found by construction of
Tafel plote, Film capacity, a weasure of film mass,
was taken aa proportional to the peak ceduction
cucrent an the film war cycied hetween ~0.6V and
1.6V at 120mV/a in TRBATFR in propylenc carbonate.
In propylene carbonate sotutions, the reference
electrodms uan o nilver wire in n saturated solution
of A€l in propylene carbonate with 0,1M TRATFR,

Resulin and Digenszion

Film Hnrphnlqnx. Un platinom, the films arec very
amooth and i form ! ace deep blue or black., On

stecl, the films are datl black and visibly peeous.
The microatexture, obierved by scanning electron
mirroscopy (HEM), [ made up of overlapping hemi-
spheren five 1o tuenty micrometers in diameter,  The
hrmispheren mav be the resulbt of prowth from anele-
ation eenters or of cellular grovih induced hy an
interfacial instability, A network of fissures is
vigsthle tu films oo phoaphated ateel (see Fipure 1),

hut the films adhered well to Lhese surfaces.

Yinotics of nxypen reduction and file capacity
Film~deposition conditions had a marked effect on
both exchange current density, i,, of oxypen redun-
tion and on peak current density, i,, In propylene
carbonate. Both i, and i, increased with rhe inverse
square root of RDE rotation rate during (ilm prepara-
tion (see lFipure 2}, We belicve that both i anrd

lp increase vwith film mass, which in turn deprmlis on
rotation rate and current density during deposition.
The rate »f film prowth must increase with the
concentratjon of radical cations at the clectrode
surface, This concentration is highest at hiph
current density and low rotation rate. The variation
of 15 and ip with deposition current density is

shown in Fipure 3.

Galvanic Corrosion. The purpose of the fitms is to

bias the substrate into the passive repion and
protect the metal, including exposcd surfaces, from
corrosinn. We found that the composite films hold
the potential of the substrate, and of coupled,
clean rest samples, at o potentfal near +0,4V, which
i3 in the passive range for 4308S {n IN H3S0,.  Test
samples coupled to clean steel surfaces showed signs
of corrosion, including dulling of the surface and
loss of mntcrial. Those coupled to composite filma
remained bright in appearance and suffered no
mcasurable loss of material.

References
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(1985)

2) Z. benp, W.N. Smyrl, N.S. White, J. Electrochem.
Soc., 136, 2152 (1989)

Acknowledpement

This work was supported by the United States Army
Research Office under Contract #DAALO3I-89-K-O118.

Fipure 1. SEM micrograph of a PIMT film on Phns-
phated 430SS, The film was deposited on a 11mm din
RNDE from O.5M IMT/0.IM TBATFB in propylene cacho-
nate at a current of 60mA and a rotation rate of
100 RFM. The total charpe passed was 15 mC/em?,
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Passivation of Titanium b
Poly (3-methylthiophene) Coatings.

S$. Ren and D. Barkey

April 29, 1992

Chemical Engineering Department
University of New Hampshire
Durham, NIl 03824, USA

Abstract

Electrochemically prepared poly (3-
methytthiophene) (PIMT) coatings on TiGr2 disk were
investigated. To adhere a PMt film onto TiCr2, a
strike was deposited by clectropolymerization in the
presence of chloride ions. A thick film was then
depositad on top of it. PIMT coated-TiGr2 disks were
tested in acid solutions at several temperatures. PIMT
coatings galvanically protected clean Ti samples at
temperature up to 50°C.

Flectroactive conduct ive polymer coatings, such as
poly (3-methylthiophene) (PIMT) and polyanilline (PA),
have a demonstrated capability to poise a metal in its
passive potential range [1,2,7]. The mechanism was
examined by Deng et al. who coupled titanium samples
with PIMT-coatad glassy carbon electrodes modified by
platinum particles. The PIMT films galvanically
stabilized the Ti/TiO, interface [2]. The authors
presented a study of EJHT coating on stainless steel
{31. Our current study is aimed at the direct
electropolymerization of adhesive P3MT coatings on TiGr2
titanium rotating disk electrodes and use of PINT
coatings for corrosion protection of Titanium.

1 Electropolymecization process

TiGr2 RDEs were first polished and then degreased in
boiling hexane. Two deposition steps were undertaken to
firmly adhere a PIMT film onto the TiGr2 RDE.
Pormation of an adhesive PIMT thin film: The
TiGr2 RDE was first treated in 0.5 M 3-
methylthiophene/0.1Mtetrabutylammonium tetraf luororate
(TBATFB) propylene carbonate solution containing ZnCl,.
The purpose of the ZnCl, was to form pits in the TiGr2
surface during electropolymerization. The pits provided
a grip for this PIMT strike. _The thin film was formed
galvanostatically at 10 mA/cm® and S rpm for 40 s.
Focrmation of a thick PINT coating on the strike:
The PIMT strike had very low charge capacity, and was
not capable of protecting the substrate metal. A
thicker PIMT €ilm was formed on top of the thin film by
electropolymerization in 1.0 M J-methylthiophene/0.1 M
TBATFB propylene carbonate solution. The morphology and
thickness of this film can be controlled by changing
deposition conditions [3]. 1In this step, the applied
deposition condition was: 200 mA, 500 rpm and 7.5 sec.
The formed P2MT film was dull black [3] and had an
uniform appearance. The PIMT coatings formed by this
process adhered to TiGr2 aqueous acid solutions.

2 Passivation of TiCGrZ by PIMT coatings

Salf-discharge curves of TiGe2 RDE, the thin f{lm-
coated TiGr2 (the precoated RDE) and the thick film-
coated TiGr2 (the coatod RDE), were measured in both 4
N sul)furic and &4 N hydrochloric acid solutions of a
rotation rate of 500 rpm. Self-discharge curves of
TiGr2 ROFs gatvanically coupled with the coated-RDE wore
also examined.

At 50°C, the potential of the rotating TIGr2 RDE
moved negative of 0 V after 2000 s of immersion in the
sulfuric or hydrochloric acid solution. With the P3MT
coating, the TiGr2 substrate was held positive of 0.2 V
vithin the test period for both acid solutions. The
PIMT coating was able to passivate the TiGrZ substrate
at the tomperature below 50°C.

The salf-discharge curves at 70°C showed that the
Tiir2 RDE moved to its active potential (about -0.5 V)

after 250 s in 4 N sulfuric acid solution and after 1200
s in 4 N hydrochloric acid solution. In the case of the
coated-RDE, the PIMT coating was broken after 1800 s in
both acid solutions, following a sharp Egc drop of the
RDE into its active range.

The galvanic corrosion test was conducted in 4 N
sulfuric acid solution at 45°C. A TiGr2 RDF was first
pretreated in I N sulfuric acid solution to form a Ti0,
oxide film {2]. The pretreated TiGr2 was then
galvanically coupled with the coated-RDE the self-"
discharge curve of the TiGr2 RDE as well as the galvanic
current between these two electrodes were recorded
simultaneously. It was shown that the coupled PIMT
coating was able to hold the TiGr2 RDE in positive
potential range for at least 5 hours. A galvanic
current of 8 muA was observed. Without galvanic
coupling to a PIMT film, the TiGr2 RDE (with oxide film)
began to corrode after about 900 s of immersion in the
same acid solution.
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