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Coatings of CeQ derived from inorganic sol-gel dispersions were applied to type 304 bright annealed
stainless steel (British Standard 1449 type 304S31) coupons and subjected to heat treatments at 450 and
550 °C. The coatings, 0.im thick, were transparent, adherent, and stable. The aqueous corrosion prop-
erties of the coated coupons in 1 molar NaCl were then studied by potentiodynamic polarization measure-
ments and electrochemical impedance spectroscopy. The derived corrosion parameters were then
compared with similarly heat-treated, uncoated 304SS coupons. The results indicate that the application
of a CeG; coating, heat treated at 550 °C, improves the corrosion rate as compared to an uncoated heat-
treated coupon. The polarization curve for the 450 °C heat-treated, coated coupon showed passive behav-
ior compared to transpassive for the uncoated specimen. The impedance spectrum data for the uncoated,
as-received coupon could be modeled using a resistor in series with a parallel capacitor resistor combina-
tion “Randles” equivalent circuit. A coated coupon, heat treated at 550 °C, could be modeled using a more
complex equivalent circuit involving a constant phase element, due to the Cg€bating. Modeling of the
impedance characteristics for the oxidized coupons required the addition of a second series element con-
sisting of a parallel resistor capacitor combination to give a Chi square statistic fit 94‘2 <5x 1074

|Keywords coatings, corrosion, impedance | (CR) and open circuit potential (OCP), direct-current electro-
chemical measurement techniques are unable to give informa-
tion about the rate of the different corroding mechanisms and
coating performance (e.g., porosity). These parameters may be
found using alternating signal technigues, such as electro-
chemical impedance spectroscopy (EIS). EIS uses a small al-
ternating excitation signal that is applied across a sample. The
resulting current is measured to allow calculation of the com-

the nature of the ceramic, such as high thermal stability, high plex impedance. An alternating signal (AC) causes ions to

hardness, chemical inertness, and density. This gives rise tgn°Ve back and forth between counter and sample electrodes in
three principle types of coatings: (a) thermal barrier coatings: '¢SPoNse to the changing voltage magnitude and polarity. Thus,

(b) wear-resistant coatings: and (c) corrosion-resistant coat-t€ AC polarization forces the electric double layer (EDL) of
ings. Ceramic coatings may be applied by chemical vaporthe corrodlng metal/electrolyte interface to change in response
deposition, physical vapor deposition, thermal spraying, and © the polanzmg_ voltagefrequency cha_nges_. H(_Jwever, because
sol-gel techniques. Sol-gel technology is widely used for the EDL_takes time to change its chemistry, |tW|II_ have an asso-
preparation of oxide materials (Ref 3) from solutions contain- ciated time constant. Also, the EDL has electrical properties
ing inorganic or metal organic precursors that are hydrolyzed toSimilar to those of a parallel resistd?) (capacitor C) circuit
form inorganic polymers and colloids. Sol-gel also has the ad-Where the time constanT) is given by T 1f,,= CRem,
vantages of low-temperature processing, cheap coating technolWherefy,,,is apex frequency of a plot of the imaginary and real
ogy, material economies, the application of multi-component components of the impedance. Therefore, by using an AC sig-
oxides, and the ability to coat complex shapes and a variety ofmal and measuring the complex impedance spectrum, the time
substrate materials, compared to other deposition techniquesg¢onstants of the corroding mechanisms that are occurring may
Coatings can be applied by spin coating or dip coating, or by be studied. The small excitation signal used, typically <20 mV,
electrophoresis with the process repeated to build up coatinggloes not cause destructive effects to the coating or coating-met-
with thicknesses of up to tens of microns. Disadvantages of theal interface. Extraction of the impedance characteristics of the
sol-gel deposition of coatings are that the sol morphology mustsample allows the elucidation of an equivalent circuit model
be carefully controlled to ensure continuous films, and that the that describes the elements of the sample. Measurements as a
films require drying and densifying heat treatments which may function of time with equivalent circuit modeling then allow
be detrimental to the substrate. the corroding elements to be studied. So far these EIS tech-
Electrochemical corrosion measurements allow quick de- niques have been investigated primarily on organically coated
termination of coating and metal performance. Although capa- metals (Ref 4).
ble of obtaining corrosion parameters such as corrosion rate Previous studies of sol-gel deposited coatings on stainless
steel to prevent oxidation and chemical corrosion have in-
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1. Introduction

The use of ceramic coatings to provide protection from
harsh environments is of major industrial significance (Ref 1,
2). The application of the ceramic coating is directly related to
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and CeQ-TiO, (Ref 16). The aqueous corrosion properties of 2 Experimental Procedure
some of these ceramic films have been studied by potentiody-

namic polarization techniques (Ref 5, 6, 10) and by electro- .
chemical impedance spectroscopy (Ref 10, 11). 2.1 Sol Preparation

Earlier studies of the benefits of a ceramic coating on stain-  Ceria sols were prepared by using a method similar to that
less steel, based on electrochemical corrosion measurementsgreviously published (Ref 18), where a hydrous ceria oxide,
include: higher corrosion potential valu&s {,) for ZrO, coat- Ce0, [kH,0, was precipitated from the corresponding cerium
ings on 316L tested in 300 gram decimetrd,SO, (Ref 6), (IV) salt using ammonia. This was washed and peptized with
and for ALO3 coatings on 316SS in 1M NacCl (Ref 5); and im- nitric acid to give a monodisperse sol with a 5 to 8 nm particle
proved pitting resistance for Ce®@oated Type 304 stainless size determined from photon-correlation spectroscopy. For
steel (304SS) in de-aerated chloride environments (Ref 16),coating purposes, the sols were diluted to 80 gram decirhetre
and for ALOj; coatings on 316 (Ref 5). The Cg@atings in  with a pH between 1.6 and 2.6. The sol was stable to precipita-
these studies were obtained from solutions of cerium hydroxidetion and viscosity changes, and could be evaporated to form a
colloidal solution (Ref 16) and by heat treating at 900 °C. Such transparent gel.
high-temperature treatments, however, are known to be detri-
mental to austenitic stainless steel, due to the precipitation of2_2 Metal Preparation
carbides at the grain boundaries (Ref 17).

The work presented here shows a systematic study of the Type 304 stainless steel sheet with a bright annealed finish
aqueous corrosion properties of heat-treated, inorganic sol-geBnd a protective plastic coating on one side, supplied from
CeO, coatings on 304SS in 1M NaCl. Corrosion parameters areAalco (Ref 19), was diced using a guillotine into coupons of 30
then derived for coated and uncoated stainless steel from potendy 45 by 1 mm, and 10 by 10 by 1 mm. The large coupons were
tiodynamic polarization measurements and electrochemicalused for corrosion experiments and optical microscopy while
impedance spectroscopy measurements. the smaller coupons were used for x-ray diffraction (XRD)
measurements. Prior to application of the coating, the plastic
coating was removed to reveal a scratch-free surface. The cou-
pons were scrubbed with isopropyl alcohol, subjected to ten-

Table 1 Crystaliite sizes determined by XRD for minute ultrasonic treatment in an acetone bath, and then air

heat-treated CeQ, coatings of 304SS

dried.
Heat treatment, °C 450 550 X450
Crystallite size, nm 597 713 654 2.3 Coating
Coupons were dip coated in the sol by hand and allowed to
T T T T T y dry vertically in air. Only half of each coupon was dipped into
800 C Cubie Cr, Fe, Ni T the sol, so that the coated half could be compared against the
600 (@) § uncoated half after temperature treatment. The excess sol that
- collected on the bottom edges of the coupon was towel-dried
400 - . off. After air drying, the coupons were visually inspected for

flaws and then stacked horizontally in an alumina boat and heat
treated in air within a muffle furnace. Temperature treatments
of 450 °C/1 h and 550 °C/1 h were used.

2.4 XRD Measurements

XRD patterns for the heat-treated coupons were recorded in
the region B =10 — 80°, with a step scan of 0.1°/min on a
Philips diffractometer (Phillips Analytical, The Netherlands;
model PW1710) using CuKradiation. The Philips APD1700
software (Phillips Analytical, The Netherlands) was used to
calculate the average crystallite size from the broadening of a
specific diffraction peak, using the well-known Scherrer equa-
tion, D = k\/hy;,co9, whereD is the average crystallite side,
is the Scherrer constaitis the wavelength of radiatioh,,is
the peak width at half height, afid¢orresponds to the peak po-

Counts

0 sition.
20 40 60 80
2.5 Corrosion Measurements
20 (degrees) Potentiodynamic polarization measurements were per-
Fig. 1 XRD patterns of Ce@coated 304SS, (a) heat treated at formed using a computerized Solartron 1287 electrochemical
450 °C, (b) heat treated at 550 °C, (c) doubly coated and heat interface controlled by CorrWare (Ref 20). Coupons were
treated at 450 °C clamped against a silicone sealing ring with an area of 1.776

7280 Volume 7(6) December 1998 Journal of Materials Engineering and Performance



cm?. A 1M NacCl electrolyte was used with a saturated calomel ~ Comparing the uncoated specimens, the CR is highest for
electrode as the reference electrode and platinum as the auxilthe 550 °C heat-treated sample. The 450 °C sample shows the
iary electrode. Samples were left to stabilize at the open circuitlowest CR and.,,,values, due to the formation of a thicker pas-
potential (OCP) for 60 min before commencement of the po- sive oxide layer.

tentiodynamic measurement. Polarization curves were then ob- The corrosion parameters calculated from the polarization
tained by scanning the potential from —0.3 V of the OCP at acurves for the Ce@coated coupons that were heat treated at
rate of 0.1667 mV/s until the anodic current of 10-3A/cm? 450 and 550 °C (Fig. 3) are given in Table 2. The polarization
was reached. Data were obtained for cleaned, heat-treated cowcurves for the 450 °C coated and uncoated coupons show the
pons and for Ce@coated, heat-treated coupons. AC imped- largest difference in characteristics. The coated coupons show
ance spectroscopy measurements were performed using the

Solartron 1287 and Solartron 1260 gain/phase imDEdance anafahle 2 Electrochemical corrosion parameters for

lyzer controlled by ZPlotW (Ref 20). Measurements were per- heat-treated 304SS in 1M NaCl derived from polarization

formed at the OCP between the frequencies of 0.03 Hz and 4Qurves given in Fig. 2 and 3

kHz, using an excitation voltage of 10 mV.

Epltt, ECOIT' iCOI’F’ CR'

Sample mV mV Alcm?2 mm/yr
As-received (cleaned) 671 -201 Xxa0° 2.7x10°
3. Results 450 °C uncoated 476 -166 8.8x 1010  9.3x 106
550 °C uncoated -503 3.4x107  2.8x10°3
. ° 8 4
After heat treatment, the coatings appeared to be transpar£e2 (450 °C) 700 -180 - 1.2¢10°%  1.2x107
. . . eQ, (550 °C) —429 7.1x 108  7.4x10°

ent, adherent, and coherent. By coating microscope slides ang

then heat treating them at 450 °C, a coating thickness af 0.5

0.1 pym was determined using a stylus technique. Figure 1

shows the XRD patterns for the coated 304SS coupons hea o ' ' ' ' ' ' ' ' '
treated at 450 and 550 °C, and for a coupon doubly coated witt 08 T
CeO, and heat treated twice at 450 °C. The sharp peaks=at 2 06|
43°,50.8°, and 74.7° are due to the cubic phase of chromium. [
iron, and nickel (Ref 21), while the peaks 8t228.6°, 33.1°,
47.5°, and 56.4° are due to the cubic GeOating (Ref 22).
The peak width indicates the formation of nanocrystallites. The
peaks increase in intensity for the doubly coated specimen (Fig. -02
1c), while the crystallite size increases with sintering tempera- 4 [
ture and sintering time, as shown in Table 1. osl T |

Figure 2 shows the polarization curves obtained for the un- '
coated specimens: untreated, heat treated at 450 °C, and he **[ 1
treated at 550 °C. The curves have been manipulated by filter-
ing options in the CorrWare program to aid plotting, and were
obtained after 60 min immersion in the electrolyte when the T (Amps/em’) )
ocP had_ Sta_b'“ZEd' For all the_sa_lmples, th_e Cath(_)d'c regions of Fig. 2 Polarization curves for uncoated 304SS in 1M Nacl, (a)
the polarization curves show similar behavior, while the anodic  a5-received (cleaned), (b) heat treated at 450 °C, (c) heat treated
regions show the greatest differences due to the heat treat- 5t 550 °C
ments. The untreated coupon shows transpassive behavior. The
450 °C heat-treated sample shows similar behavior, but with
lower current densities. The pitting potentials for the samples
(Epiy, defined as the potential where there is an abrupt rise in T U @]
the current, are given in Table 2 and show thatH}g de- 06 7
creases with increasing heat treatment temperature. The 550 °¢ o4 | .
sample shows no apparent pitting potential and the current in-
creases with potential throughout the entire anodic scan indi-
cating that pitting can occur a few mV anodic of the OCP.

The corrosion parameteig,(corrosion current density in I - :
Alcm?), E,,, (corrosion potential), and corrosion rate (CR in 04 SN .
mm/year) have been obtained from polarization data by calcu- .06} i
lating the Tafel slopes using CorrWare (Ref H)),,,is the po-
tential at which the anodic and cathodic Tafel slopes
intersect and,,,,is the current at which the Tafel slopes in-
tersect. The CR is then calculated frogg,, using the ex- ,
pression CR #,,,EW10/p96500, derived from Faraday’s T (Amps/em )
law, whereEWis the equivalent weight of the corroding species  Fig. 3 Polarization curves for Cegoated 304SS in 1M
andp is the density. The calculated data are givenin Table 2.  NacCl, (a) heat treated at 450 °C, (b) heat treated at 550 °C
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Fig. 4 Bode plot for uncoated and Ce®@oated coupons. .
(a) Logarithm of the magnitude of the impedance modulus CR ]

|Z] and (b) phase angle versus frequency. Curves: (1) 304SS
untreated, (2) heat treated at 450 °C, (3) heat treated at | |
550 °C, (4) Ce@-coated and heat treated at 450 °C, [
(5) CeB-coated and heat treated at 550 °C

ox

|
I
Cdl C
a passive region for voltages between —50 and 330 m\E fhe Fig. 5 Equivalent circuits used in analysis on impedance spec-
value for the 450 °C sample is the highest of all samples at 700 troscopy data. (a) Modified Randles circuit, (b) two time con-
mV and is similar to the untreated metal. For voltages above Stants model, (c) model used for oxidized metal
330 mV, the polarization behavior is “transpassive” Uik is o o o ) ) )
reached. The current density is also lower in the passive regioriribution of relaxation times which gives rise to distorted semi-
of the coated sample than of the uncoated specimen. Comparicircles. This is represented in the Boukamp circuit description
son of the polarization curves for the 550 °C heat-treated coatedy substituting a constant phase elen@gfor Cy. For a sim-

and uncoated coupons shows that they have similar characP!€ corrosion system, theR, is equivalent td?,, the linear po-
teristics, although the CR arig,,, values are lower for the larization resistance which can be used in the Stern-Geary
coated coupon. relationship to calculate the corrosion current densjiy)(

To obtain further information about the influence of the Observation of the Bode plots shows that for the uncoated, as-

Ce0, coating on the corrosion behavior of heat-treated 304SS,"eceived (untreated) coupon, there is one time constant present
EIS measurements were performed before commencement ofi-€. one parallel CR combination), and that the Randles circuit
the polarization measurements. The open circuit potential be-in Fig. 5(a) should be a suitable model. Fitting of the data using
fore and after the EIS measurements were very similar, indicat-Boukamp’s EQUIVCRT (Ref 24) yields the results in Table 3.
ing that there were no destructive effects due to the EISThe Bode plot for the 550 °C coated sample (Fig. 4a, b) shows
measurement. The electrochemical impedance spectrum fothat there are two time constants present.

the coated and uncoated specimens, heat treated at 450 and 500 The data are then best fitted to the model in Fig. 5(b), where
°C, are plotted in the Bode format (logarithm of the magnitude the extra elementS; andR,, represent the capacitance due to
of the impedance modules Z and the phase #&wage function the coating and the pore resistance across the coating, respec-
of frequency) in Fig. 4. The data show that there is a wide vari-tively. Using the Boukamp circuit description, this is described
ation in impedance characteristics according to the treatment oSSR C[R,((CyRy)]}. Data fitting gives the results in Table 3

the 304SS. Generally, for simple corrosion systems that are enwith x? < 6x 10-3 Data for the 450 °C coated sample show
tirely under charge transfer control, and for uniform corrosion characteristics similar to the untreated sample, and can thus be
on homogeneous surfaces, the equivalent circuit for modelingfitted with the Randles type equivalent circuit, the result of
the impedance characteristics is given by a simple Randles cirwhich is given in Table 2. Data for the uncoated 450 and 550 °C
cuit (Ref 23), as shown in Fig. 5(a). Using the Boukamp circuit heat-treated coupons do not fit the Randles model. A best fit,
description (Ref 24), the equivalent circuit can be written as however, is obtained using the mod®&(R.Cy)(R,,Coy). as
R(RCy). whereR is the resistance of the electrolyte solution shown in Fig. 5(c), to givg? < 5x 104 The equivalent circuit

and corrosion product filnCy, is the electrochemical double thus indicates that there is a layer that is in parallel and in series
layer due to absorbed ions and water moleculesRaisithe with the double layer capacitance, and is probably due to an ox-
polarization resistance. For real systems, there is usually a diside. This has been describedRy, andC,,. As expected, the
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Table 3 Modeled fits to complex impedance spectrum for untreated 304SS, 450 °C and 550°C heat-treated uncoated 304SS,
and 450 °C and 550 °C CeQ@coated 304SS coupons

Untreated, 450 °C uncoated, 550 °C uncoated, 450 °C Cgtpated, 550 °C CeGcoated,
Re(Rthl) Ra (RthI (Ronox) Re(RIQdI) (Ronox) Re(RICdI) Re{ Qc[ Rpo(QdI RI) I}
Element Value Element Value Element Value Element Value Element Value
R, 33Q R, 32Q R, 25.0 R, 28.0 R, 25Q
R 6.3x 10°PQ R 560 R 47.1Q R 8.2x 10PQ Q. 7.7%x10°°
Qq 3.7e-5 Qq 7.9% 104 Qq 1.5x 103 Qq 1.88x 105 N 0.61
Ny 0.94 Ny 0.48 Ny 0.31 Ny 0.8 Roo 1.9x 10°Q
Rox 1.4x 10PQ Rox 15x 10°Q Qq 4.6x 10
Qox 3.2x 105 Qox 9.6x 107 Ny 0.77
Nox 0.93 Nox 0.87 R 3.1x10Q

fitted values oRR; are approximately the same in all the sam- measurementindicated that the impedance spectrum for the un-
ples, as this is just the uncompensated solution resistance. Thiaeated coupon may be modeled using a Randles type circuit.
value ofR, calculated for the uncoated coupon is approximately Modifying this circuit to include an element due to the capaci-
of the same order of magnitude as the calculated polarizationtance of the coating allows the 550 °C coated sample to be mod-
resistanceR, = 8x 10°Q from the DC polarization measure- eled. The impedance spectrum for the heat-treated, uncoated
ments. coupons needs the addition of another capacitance and resis-
Optical microscopy examination of the samples after elec- tance elementq,,R,,) in series with th€;, andR, element for
trochemical measurements was carried out on all samples usinghe equivalent circuit to be fitted sufficiently well. Optical ex-
a Polylite Reichart microscope (C. Reichert Optische Werke, amination of the sample-electrolyte interface after the electro-
Austria). The untreated, as-received sample showed that fouchemical measurements indicated that the thermal oxide
large pits had formed at apparently random points across theproduced on the 550 °C uncoated specimen was removed while
sample-electrolyte interface. The 450 °C uncoated samplethe 450 °C uncoated specimen showed the formation of etch
showed three large pits of similar behavior, but with the oxide pits, with the oxide layer otherwise intact. The GeGating re-
layer formed during the heat treatment still covering the sur- mained on all the samples, but with etch pits occurring in the
face. The 450 °C coated sample showed a higher density of pits450 °C heat-treated sample and crevice corrosion evident in the
also at apparently random points across the sample-electrolyt&50 °C heat-treated sample, with corrosion products evident at
interface. The Ce©coating was still in evidence across the the sample-electrolyte interface.
sample. The 550 °C uncoated sample showed a complete ab-
sence of any oxide layer but with crevice corrosion occurring at Acknowledgments
the sealing ring interface with the sample. The 550 °C coated
sample also showed some crevice corrosion occurring at theye
sealing ring interface. The Cg@oating, although still evident,
showed some discoloration due to the production of corrosion
products.
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