
e

f

. The

t steps
for

n

sed
rties

Journal of The Electrochemical Society, 150 ~9! B425-B432~2003!
0013-4651/2003/150~9!/B425/8/$7.00 © The Electrochemical Society, Inc.

B425

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by KnowledgeBank at OSU
Dehydration-Induced Loss of Corrosion Protection Properties
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It is well known that chromate conversion coatings~CCCs! exhibit a prompt loss in corrosion resistance when exposed to
moderately elevated temperatures~60-100°C!. They also suffer a gradual loss in corrosion resistance due to ambient temperatur
exposure. To better understand the origins of losses in corrosion resistance, CCCs were formed on 99.99% Al, 1100 Al@Al-1.0~Fe,
Si, Cu!#, and 2024-T3~Al-4.4Cu-1.5Mg-0.6Mn!, exposed to elevated and ambient temperature exposures for various lengths o
time, and characterized using several different methods. The Cr~VI !:total Cr ratio in CCCs was estimated by analysis of data
derived from X-ray absorption spectroscopy. Corrosion resistance was measured by electrochemical impedance spectroscopy
evolution of shrinkage cracking was examined by environmental scanning electron microscopy. Cr~VI ! leaching experiments were
also carried out to characterize the effect of thermal exposure on Cr~VI ! release. Thermal analysis and X-ray diffraction were
conducted to characterize the temperature-dependent changes in CCCs. Results show that CCCs degrade in several distinc
over the temperature range of 20 to 500°C. Our findings support the longstanding notion that dehydration is the root cause
losses in corrosion resistance due to aging at ambient and low temperatures (,150°C). Extended X-ray fine structure measure-
ments indicate a shortening in Cr~III !-Cr~III ! nearest neighbor distances upon dehydration. This is interpreted as a consolidation i
the Cr(OH)3 backbone of the CCC which leads to shrinkage cracking and immobilization of Cr~VI !. This finding is important
because it links older observations of the effects of aging and heating on CCCs to newer interpretations of CCC formation ba
on inorganic polymerization. Overall, these results reveal CCCs to be highly dynamic coatings with corrosion resistance prope
that vary considerably in both the short term and long term.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1593040# All rights reserved.
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Chromate conversion coatings~CCCs! are commonly used on all
types of aluminum alloys in manufactured products ranging fro
aircraft to automotive components. These thin coatings~0.1 to 2
mm! are used as stand-alone coatings for resistance to atmosph
corrosion, and as pretreatments for painting and adhesive bondi
CCCs consist of insoluble and sparingly soluble Al and Cr oxide
insoluble components formed by reaction with ingredients from th
coating bath~such as ferricyanides!, and alloying elements from the
substrate. This complex layer provides barrier protection to the all
substrate. CCCs are also electronically resistive,1 and provide cor-
rosion protection by inhibiting the cathodic partial reaction of cor
rosion processes. This component of corrosion protection can v
significantly with coating age over the first 150 h,2 and with alloy
substrate metallurgy.3 CCCs are also able to self-repair to a certai
extent.4-7 This property, also known as ‘‘self-healing,’’ originates
with a reservoir of reversibly bound Cr~VI !,8 which is concentrated
at the outer regions of the coating.5,9,10Cr~VI ! can be released to the
attacking solution and migrate to locally corroding areas where
interacts and inhibits further attack. The precise action of Cr~VI ! at
defects is not known, but has been speculated to involve either
duction and precipitation of an insoluble Al~III !-Cr~III ! product, or
absorption of Cr~VI ! into hydrous alumina gel corrosion product to
form a stable corrosion protective compound.7

The degree of corrosion protection provided by stand-alon
CCCs changes with time and temperature. CCCs lose corrosion
sistance in a matter of minutes upon exposure at temperatu
greater than 60°C.11,12 Corrosion resistance is lost more gradually
during ambient temperature exposure. Over several years of amb
exposure, the Cr~VI ! content of the coating has been observed t
decay,13 although the process that causes this decay has not yet b
described. The structural, chemical, and morphological changes t
lead to losses in corrosion resistance have not been studied wid
But, in the studies that have been performed, coating dehydrat
and dehydration-induced shrinkage cracking have been cited as
root cause for loss in corrosion protection.2,11,12
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In this paper, we report on studies aimed at understanding
effects of ambient and elevated temperature exposure on CCC st
ture chemistry and morphology that lead to losses in corrosion
sistance. To that end, Cr~VI !:Cr ratios and short-range structura
transformations have been measured by X-ray absorption near e
spectroscopy~XANES! and X-ray absorption fine structure~EX-
AFS! as a function of heat-treatment at various temperatures. T
capacity for self-healing has been assessed by leaching experime
and CCC corrosion resistance has been measured by electrochem
impedance spectroscopy~EIS!. Additionally, X-ray diffraction
~XRD! and environmental scanning electron microscopy~ESEM!
have been used to characterize morphological changes due to h
ing and drying.

Experimental

Coating preparation.—CCCs were applied to samples prepare
from 99.99% Al ingot, 1100 Al@Al-1.0 ~Fe,Si,Cu!# sheet, and Al
2024-T3~Al-4.5Cu-1.5Mg-0.6Mn! sheet. With distilled water rins-
ing between steps, samples were cleaned in an alkaline b
(Na2SiO3 32 g/L, Na2CO3 48 g/L! at 65°C for 2 min, deoxidized in
a commercial Sanchem 1000 bath at 55°C for 3 min, then conv
sion coated in an Alodine 1200S chromating bath at room tempe
ture for 1 to 3 min~7.55 g/L, pH 1.6!. Samples were given a final
rinse and then air dried for 24 h before any further testing. Th
Alodine 1200S bath formula used in this study was chromic ac
~50-60%!, fluoro-salts ~30-50%!, and K3Fe(CN)6 ~10-15%!.7,14

Post-coating heat-treatments were carried out in air for 15 min
temperatures ranging from 23°~room temperature! up to 500°C.

Thermogravimetric analysis (TGA) and differential therma
analysis (DTA).—TGA and DTA were performed with a Perkin-
Elmer model 7 thermal analyzer on powder samples obtained
carefully scraping freshly made CCCs from substrate surfaces. T
temperature of CCC samples was ramped from room temperatur
550°C under an air flow of 20 mL/min and a heating rate of 10°
/min. DTA measurements were background corrected. After ana
sis, samples were dissolved in hot acid and measured by inductiv
coupled plasma-optical emission spectroscopy~ICP-OES!. Ratios of
Cr:Fe:Al close to 100:5:1.5 were obtained, which is in gener
agreement with earlier findings from X-ray photoelectron spectro
ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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copy ~XPS! of CCCs.4 This suggests that scraped samples were n
significantly contaminated with material from the underlying Al sub
strate.

XRD.—XRD measurements were performed on CCC powde
heated at various temperatures with a Scintag PAD V diffractome
equipped with a Cu source. CCC powders were made by scrap
the coating from metal surfaces using a sharp blade.

ESEM.—ESEM imaging was performed with a Phillips Electron
ics model XL-30 with field emission gun. The still-wet sample
were cooled to 1°C and maintained at a water partial pressure
p(H2O) 5 5 Torr ~liquid phase!. Samples were then slowly dried by
increasing temperature to 2°C~vapor phase!, and then up to 40°C
with a Pelletier stage. This treatment induced formation of shrinka
cracks whose development was tracked in the ESEM. During t
recording, the beam was moved back and forth between two area
avoid rehydration that occurs during imaging. Rehydration aris
due to interaction of H2O1, formed by electron beam ionization,
with the negatively charged sample surface. This interaction su
presses water loss from the coating and in turn, inhibits the evo
tion of surface cracking at sample temperatures at least as high
40°C.

Cr(VI) leaching measurements.—To examine leaching of Cr~VI !
from CCCs, fresh and heat-treated coatings were contacted with
M NaCl for 24 h~3 mL of solution in contact with a circular surface
area of 1 cm2). The amount of Cr~VI ! released into the solution was
measured by ICP-OES.

XANES and EXAFS measurements.—Fluorescence mode
XANES measurements at the Cr K-edge (E0 5 5989 eV) were
made at the National Synchrotron Light Source~NSLS! at
Brookhaven on beam line X19A following well-established proce
dures for CCCs.5-7,14 The fluorescent intensity was recorded with
13-element detector at right angles to the incoming beam and
sample tilted at 45° with respect to the incident beam. Unless o
erwise stated, spectra were background corrected and normalize
that the absorption coefficient, defined as fluorescent intensity o
incident beam intensity, was equal to 1.0 atE 5 6250 eV. A good
estimation of the ratio of Cr~VI ! over total Cr was then directly
given by the height of the pre-edge peak.5

Figure 1 shows normalized XANES data from the vicinity of th
Ka absorption edge for Cr from powders of Cr2O3 , Na2Cr2O7 , and
a mixture of the two. The spectra are characterized by a sharp ed
and a pre-edge peak. Absorption at energies above the edge was
to all Cr species present in the sample, but the pre-edge peak
due only to absorption by Cr~VI !. The relative Cr~VI ! content of
individual samples can be estimated by comparison of the pre-e
peak heights, when the absorption edge heights are normalized
described above. In the normalized spectra in Fig. 1, the relat
Cr~VI ! contents are evident by inspection. The Cr2O3 sample con-
tained almost no Cr~VI !. Na2Cr2O7 is nearly pure Cr~VI ! ~96%! and
the pre-edge peak height equals that of the absorption edge itsel
the mixed sample, the pre-edge peak height is commensurate w
the fraction of Cr~VI ! in the sample~39% as mixed; 33% as mea-
sured!.

EXAFS measurements were also performed at the Cr K-ed
(E0 5 5989 eV) on beamline X10C at NSLS. The fluorescen
intensity was recorded with a 13-element Ge Canberra detec
on samples tilted at 45° with respect to the incident beam
Cr(OH)3•nH2O powder was diluted in BN powder~5 mg in 200
mg! and pressed into pellets, while CCCs were measured direc
Three scans were recorded from each sample and data treatment
performed with LASE software.15 The pre-edge and atomic absorp
tion backgrounds were removed by fitting respectively with a Vic
toreen curve and a series of third order polynomials. The extrac
EXAFS oscillations were then converted ink-space and weighted by
k2. Finally, the magnitude of the Fourier transform was calculate
using a Kaiser-Bessel window to limit edge effects.
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These measurements were not phase corrected, so the radia
tribution around the Cr atoms obtained by Fourier transform c
tains a shift of about 0.6 Å toward smaller values. This shift w
estimated by measuring the commercial reference Cr2O3 ~first oxy-
gen neighbors located at 1.99 Å average6!. The Fourier transform
obtained on Cr2O3 is otherwise in good agreement with what h
been reported elsewhere.16

Corrosion measurements.—The coating corrosion resistance,Rc ,
was determined by EIS conducted with an EG&G PAR 273 pot
tiostat coupled to a Solartron 1255 frequency response analyzer
Zplot software. Samples were exposed for 24 h in NaCl 0.5 M pr
to collection of the spectra. The real and imaginary component
the impedance were recorded at the open circuit potential, usin
sinusoidal voltage perturbation of 10 mV for frequencies rang
from 0.01 to 10000 Hz. In samples where a maximum in the ima
nary component of the impedance was observed,Rc was computed
using a modified Kramers-Kronig transform method based on
descriptions of Kendig and Mansfeld,17 except that the integration
was performed over the entire frequency domain. In samples wh
no maximum in the imaginary impedance was found, and as a ch
of Rc value determined by the method described above,Rc values
were determined by equivalent circuit analysis using a simplifi
defective-oxide coating model. This model has been used for in
preting impedance spectra from a wide range of convers
coatings.18 Where checked, the two analysis methods yielded sim
values ofRc . Large values ofRc indicated small amounts of corro
sion damage and were characteristic of protective coatings. SmaRc
values indicated the reverse situation.

Results

Aging at ambient temperatures.—In cathodic polarization experi-
ments, Hughes has shown that CCCs on 2024-T3 support redu
reactions at increasing rates after tens to hundreds of hours of in
exposure.2 This indicates loss of an important component of corr
sion protection due to ‘‘natural’’ aging. The data in Fig. 2 reflect th
notion. This figure shows the coating resistance,Rc , determined by
EIS vs.aging time in ambient lab air. Each measurement time in

Figure 1. Normalized XANES spectra illustrating the characteristic featu
of the Cr K absorption edge for Cr2O3 , Na2CrO4 , and a mixture of Cr~III !
and Cr~VI ! oxides.
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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cates the length of ambient exposure. After ambient expos
samples were immersed in aerated 0.5 M NaCl for 24 h. EIS spe
were then collected and analyzed to determineRc . Data from CCCs
formed by 1 min and 3 min immersion in the coating bath
presented. Initially, both coatings exhibitedRc values of about 2 MV
cm2, which is characteristic of good quality CCCs on 2024-T3
this test.18 Both coatings retained corrosion resistance for abou
days after coating formation, but then exhibited significant los
The loss in corrosion resistance was not as prompt as suggest
Hughes’ data, but the 1 min CCC lost corrosion resistance m
quickly than did the 3 min coating, and showed a corrosion re
tance no better than the bare alloy after 100 days of natural ag

Figure 3 shows data from CCCs that were aged for 5 day
months, and about 16 months. These spectra were normalize
tween 5980 and 6600 eV. Over 7 months, there was no change i
absorption edge height outside of normal sample-to-sample v
tions in coating chemistry. Additionally, there was little or no redu
tion in Cr~VI ! content in the coating. These results show that the
chemistry of CCCs was invariant over the time frame where co
sion resistance was lost as shown in Fig. 2. At longer times
months, it appears that the Cr~VI ! content of the coating was, in fac
reduced. This may represent the effect of a process that causes
in Cr~VI ! component in CCCs. It has been reported that the Cr~VI !
content of CCC aged in air for 7 years includes no Cr~VI !.13

ESEM.—Imaging was performed on freshly made and still-mo
CCCs in order to follow the formation and evolution of shrinka
cracks during low temperature dehydration. Traditional scann
electron microscopy~SEM! requires that the sample be exposed
high vacuum. Dehydration and attendant shrinkage cracking ar
most always observed in CCCs examined by SEM.9,13,19,20In our
imaging experiments performed in the ESEM, the sample was
ject to pressure and temperature conditions that caused wat
remain in the liquid phase just until the surface was to be imaged
enable imaging, the temperature and pressure were adjusted to
water to enter the vapor phase in a controlled way so that the C
would dry slowly. Figure 4 shows a sequence of ESEM ima
taken as the CCC was allowed to dehydrate. Initial images sho
some inhomogeneity and surface roughness, but the coating
initially uncracked. Spherical particles, noted by Arrowsmith a

Figure 2. Corrosion resistance measured asRc from EIS experiments deter
mined after aging in air.
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others9,19,20 characterized the surface morphology of the CCC. A
rowsmith describes CCCs formed from fluoride-rich coating ba
as consisting of layers of spherical particles that form by precip
tion and polymerization of amorphous hydrated chromium oxide
these coatings, which were characterized by exceptionally large
ticle sizes, shrinkage crack paths appeared to follow bounda
formed at the intersection of spherical particles. As shown in Fig
cracks in CCCs formed from the Alodine 1200S bath chemistry a
seem to be associated with particle margins early in the crack
mation process. Since particles sizes in Alodine 1200S coat
were relatively small, it was difficult to associate cracking with pa
ticle margins as the extent of cracking increased.

Early in the dehydration process~2-4 min!, cracks appeared to be
relatively superficial, and exist without penetrating the full thickne
of the CCC. Shortly thereafter, a fully interconnected pattern of t
cracks emerged. Upon heating to 40°C, no new cracking occur
but cracks appeared to widen and deepen. These images do
reveal if the cracks exposed the substrate at their base, or if
cracks propagated laterally at the CCC/substrate interface.

Thermal analysis.—Figure 5 shows TGA and DTA traces o
CCC powders collected from 20 to 550°C. The compound suffer
a total weight loss of 51% in three distinct episodes. The first e
sode was a diffuse endothermic reaction centered at about 10
This reaction was due to the loss of water~28% weight loss!. The
second episode, which occurred at about 300°C, appeared to be
discreet and strongly exothermic. In experiments by others, a no
able odor of NH3 and HCN has been reported at this temperature21

Evolution of these gases is due to the decomposition of the ferric
nide to iron oxide. At 475°C, a third decomposition episode is o
served, which is characterized by an exothermic peak whose in
sity varies from sample to sample. This transformation is associa
with the formation ofa-Cr2O3 , and is sometimes termed the ‘‘glow
phenomenon,’’ which refers to incandescence associated with
exothermic character of this transformation.22 This step has been
shown to be very sensitive to the chemical nature of the ini
chromium compound and the conditions of synthesis.22-24 Of these
three reactions, the endothermic dehydration reaction centere
100°C is the most technologically significant because it is in
range of service temperatures experienced by CCCs.

Figure 3. XANES at the Cr K absorption edge for CCCs aged in air f
various lengths of time.
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



-
s

Journal of The Electrochemical Society, 150 ~9! B425-B432~2003!B428
Figure 4. Crack formation during dry-
ing as observed by ESEM. Sample tem
perature and cumulative exposure time
are indicated.
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Thermal analysis was also performed on a CCC made accord
to the nominal Alodine 1200S chemistry, but without ferricyanid
The results from this analysis are shown in Fig. 6. The DTA cha
acteristics for episodes 1 and 3 are similar to that shown in Fig.
but the strongly exothermic decomposition of ferricyanide was th
absent revealing a weakly endothermic dehydroxylati
reaction,16,25 and an unidentified exothermic reaction at slight
higher temperatures. It is likely that dehydroxylation also occurs
the ferricyanide-bearing CCC, but the DTA signature of this proce
was hidden by the very exothermic ferricyanide decomposition
action.

It is interesting that the initial composition of CCCs is ofte
considered to comprise of one or more of the following hydra
phases: Cr2O3 • nH2O, CrOOH, or Cr(OH)3 .2,21 The fact that the
dehydration process occurs in two clearly distinguishable steps s

Figure 5. Data from TGA and DTA measurements from Alodine 1200
powder obtained by stripping chromate conversion coating from a 2024
surface. Three distinct decomposition processes can be observed~100°C,
300°C, 475°C!.
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gests two predominant states of hydration. These results do not i
dicate what hydrated phases were present, but recent studies ba
on Raman spectroscopy suggest that Cr~III ! in CCCs is present
mainly as Cr(OH)3 ,8 although the presence of CrOOH cannot be
strictly excluded.

XRD.—XRD was performed on CCC powders to examine for
evidence of crystallization due to thermal exposure. Results indica
that CCCs retained amorphous characteristics up to 600°C. At th
temperature, XRD indicates partial CCC crystallization with the for-
mation of Cr2O3 as shown Fig. 7.

The Cr(VI):Cr ratio, Cr leaching, and CCC corrosion resist-
ance.—The Cr~VI !:total Cr ratio, the Cr release, and corrosion re-
sistance are all strongly influenced by elevated temperature exp
sure. Examination of trends in these characteristics as a function
isothermal treatment temperature reveals much about the effect
high temperature exposure on CCC structure, chemistry, and corr
sion performance.

T3
Figure 6. Data from TGA and DTA measurements from a CCC produced by
a ferricyanide-free formulation that was otherwise similar to Alodine 1200S
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Figure 8 shows the variation of Cr~VI ! ~as Cr~VI !:total Cr ratio!
in CCCs subject to 15 min isothermal heat-treatments over a w
temperature range. In these samples, the Cr~VI !:total Cr ratio was
determined by XANES. From room temperature to 250°C, the
~VI !:Cr ratio exhibited a slow and progressive decrease from 0.3
0.20 at 250°C, with the majority of the decrease occurring at te
peratures above 150°C. Above 250°C, the Cr~VI !:total Cr ratio in-

Figure 7. XRD pattern from CCC powder subject to isothermal heat tre
ment at 600°C showing evidence for coating crystallization and formatio
Cr2O3 .

Figure 8. Cr~VI !:total Cr ratio ~circles!, and Cr~VI ! release into solution
~squares! plotted as a function of isothermal heat-treatment temperature
Downloaded 28 Jun 2011 to 128.146.58.90. Redistribution subject to
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creased dramatically to values in excess of 0.30 at 400°C. Fina
the ratio decreased again, presumably as formation of Cr2O3 occurs.

Figure 8 also shows the variation in Cr~VI ! release into solution
after isothermal heat-treatment. Cr release is almost completely
pressed by isothermal treatment between 60 and 250°C. Becaus
Cr~VI ! content of the CCCs remained relatively high~0.25 at
100°C!, it appears that dehydration immobilized the otherwi
soluble Cr~VI ! making it unavailable to participate in self-healing
CCCs heat-treated at temperatures greater than 250°C did rel
Cr~VI !. Between 250 and 300°C, profound chemical changes
curred in CCCs. Both Cr~VI ! content and Cr release capacity in
creased sharply. At the most elevated temperatures examined
Cr~VI ! content and Cr release were again diminished as Cr2O3 was
formed.

The effect of isothermal treatment on Cr leaching is easily d
tected by visual inspection of samples exposed to solution as sh
in Fig. 9. After contact with solution, samples exposed at roo
temperature and at 400°C lose the golden brown color character
of CCCs. These samples leached Cr~VI ! at levels of 800 and 1000
ng/mL, respectively, as determined by ICP-OES of solutions in co
tact with the coatings. By contrast, samples aged at temperat
between 60 and 250°C showed no lightening after exposure to
lution. These CCCs released Cr~VI ! at levels so low, that Cr~VI ! was
not detectable in solution. The sample aged at 500°C represente
intermediate case. There was a slight visual indication of leach
after contact with solution and the total extent of release was m
sured to be about 400 ng/mL.

The variation of corrosion resistance and Cr~VI ! release with
treatment temperature is shown in Fig. 10. The variation in the t
trends is remarkably coincident, though not precisely identical, a
not necessary causal across the temperature range studied. At 6
Cr~VI ! release diminished significantly, but CCC corrosion res
tance remained high. Eventually, at 80°C, CCC corrosion resista
was lost. Here, theRc values were as low as those observed for t
untreated Al alloys.18 This may reflect a loss in passive barrier pro
tection due to the presence of shrinkage cracks. Between 250
500°C, there is again a strong correlation between the CCC co
sion resistance and Cr~VI ! release. In this temperature range, th
shrinkage crack structure was probably stable and the increas
corrosion resistance more nearly reflected inhibition by Cr~VI !,
which is again leachable after treatment at elevated temperature
healing of shrinkage cracks at their base by thermal oxidation.

EXAFS studies of CCCs and amorphous Cr(OH)3 •

nH2O.—EXAFS studies of CCCs aged up to 20 h have been carr
out by Vasquezet al.26 In this study, we used EXAFS to study shor
range structural rearrangement occurring over much longer per
of time. EXAFS measurements were performed in an attempt
obtain structural information on the first several shells of atom
surrounding the Cr atoms, and on any possible structural rearra
ments due to dehydration of the Cr(OH)3 • 3H2O CCC backbone.8

The Fourier-transformed EXAFS data obtained from an a
formed CCC is shown Fig. 11. As expected for an amorphous m
terial, long-range structural information is absent. In the CC
sample exposed at room temperature, there are only two analyz
peaks. The first large peak~peak A! is associated with the first shel
of 6 oxygen atoms around octahedrally coordinated Cr~III !. The sec-
ond peak~peak B! corresponds to the Cr-Cr nearest neighbor d
tance. The first shell of four oxygen atoms surrounding Cr~VI ! are
expected at distances shorter than that for peak A and canno
detected in these data. For the CCC samples subjected to mod
heating treatments during 15 min, peak B seemed to diminish. Ho
ever a new peak~peak B’! was detected which intensified with in
creasing temperature.

Very similar results were obtained in EXAFS data collected fro
amorphous Cr(OH)3 • nH2O as shown in Fig. 12. Data are show
for powder samples at room temperature, aged at 50°C for 1 h,
110°C for 12 h. In the first case, peaks corresponding to the fi
oxygen shell and Cr-Cr nearest neighbors can also be distinguis
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Figure 9. Optical micrographs of CCC
samples subject to isothermal hea
treatment at the indicated temperature
~°C!, then exposed to NaCl 0.1 M solu
tion. The light circular regions in the
center of some of the samples indicate
where Cr~VI ! leaching occurred~most
notable in the room temperature an
400°C samples!.
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~peaks A and B!. As with the CCC sample, the Cr-Cr nearest neig
bor peak seems to disappear with temperature and is replaced
new peak, which occurs at shorter distance~peak B’!. The EXAFS
data for the sample aged at 110°C indicate that there may have b
structural order at distances greater than Cr-Cr nearest neighb
but this structure has not been evaluated yet.

Note that the data in Fig. 12 are phase shifted compared to
data in Fig. 11 causing absolute peak positions to differ. Howev
the difference in position between peak B and peak A, and betw
peak B’ to peak A are identical for both materials suggesting sim
larities in the short-range structural rearrangement in both co

Figure 10. Variation in ~s! Alodine 1200S CCC coating corrosion resis
tance,Rc , and ~h! Cr~VI ! release into solution plotted as a function o
isothermal heat treatment temperature. CCCs were applied to 2024-T3
strates by a 3 min immersion in the coating solution.
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pounds upon dehydration. On this basis, it appears that CCCs a
amorphous Cr(OH)3 • nH2O are affected by the same structural
rearrangement involving the first Cr~III !-Cr~III ! neighbors that move
closer to each other upon thermal exposure.

This structural rearrangement may decrease the open space in
coating restricting the leachability of Cr~VI ! and causing shrinkage
cracking. At this point, it is not clear if this structural rearrangemen
is the only one associated with dehydration. Changes in the Cr~VI !-

ub-
Figure 11. EXAFS data from CCCs in the as-formed condition room tem-
perature, and after isothermal heat-treatment for 15 min at the indicate
temperatures.
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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O-Cr~III ! bond that directly affects chromate release have not be
observed in our analysis.

Discussion

Structural rearrangement due to dehydration.—Evidence in this
and earlier studies points to the importance of dehydration in
loss of self-healing with temperature and time. For example, Ga
cio has shown that loss of corrosion resistance occurs under salt
testing at temperatures in excess of 75°C.11 At the same tempera-

Figure 12. EXAFS data from amorphous Cr(OH)3 • 3H2O in the as-
formed ~room temperature! and heat-treated conditions. The diagram sch
matically illustrates rearrangement of corner-sharing to edge sharing oct
dral units enabled by loss of a water molecule at a corner.
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tures, a dramatic decrease was observed in the amount of Cr~VI !
released in solution. More recently, using quantitative UV-visib
spectroscopy, Xiaet al.observed a decrease of the release of Cr~VI !
in solution for both CCC and a synthetic Cr~III !-Cr~VI ! mixed-oxide
reference powder on heating.27 Effects of long term aging (.24 h)
under ambient conditions are less clear, but it is generally belie
than corrosion resistance slowly degrades with time.2,27Using radio-
active techniques, Glass has shown that the amount of Cr~VI ! re-
leased in solution decreases by a factor of 10 in one month.12 Con-
versely, CCCs resist the effects of aging if they are covered by
impermeable organic covering, which inhibits dehydration, or if a
ing is carried out in 100°C steam.12 The results of the present stud
are generally in line with these earlier findings, and taken all
gether point to the loss of water and not thermal exposure, in its
as the primary element in the CCC degradation.

In order to understand the structural changes induced by de
dration that lead to losses in CCC properties, it is useful to cons
the structural model of freshly formed CCCs recently described
Xia and McCreery.8 They describe CCC formation process as
sequential hydrolysis-condensation-polymerization reaction that
sults in the formation of an oligomeric Cr(OH)3 • 3H2O gel. In the
gel, Cr~III ! centers are octahedrally coordinated by hydroxyl grou
and water. During condensation and polymerization, Cr~III ! octahe-
dra are joined by -OH- linkages at octahedra corners as suggeste
the first step in reaction scheme shown in Fig. 13. Hydrated Cr~III !
gels readily dehydrate forming two -O- linkages between Cr~III !
centers replacing a single -OH- linkage~Fig. 13!.28 As this occurs,
an increasing number of neighboring Cr~III ! octahedra share edge
rather than corners. Consolidation in the gel due to a corner
edge-sharing reconfiguration is supported by the EXAFS data
the CCC and Cr(OH)3 • 3H2O materials in Fig. 11 and 12, which
show a decrease in the Cr~III !-Cr~III ! nearest neighbor distances du
to isothermal treatment. Such a rearrangement would a help acc
for the hardening CCCs exhibit as they age. The compaction in
gel associated with the reconfiguration may lead to the developm
of tensile stresses in the coating and the occurrence of shrink
cracks. The apparent immobilization of Cr~VI ! by dehydration in the
temperature range of 60 to 250°C may be related to a decreas
‘‘open’’ space in the consolidated gel with a concomitant decre
chemical transport. It may also be related to a dehydration-indu

-
he-
Figure 13. Condensation and dehy-
dration reactions in Cr(OH)3 .
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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change in the Cr~VI !-O-Cr~III ! bonding itself, but previous studies
seem to suggest that the first hypothesis is more likely. EXA
measurements showed structural changes occurring to CCC
dehydration leading to a more compact structure with closer Cr~III !-
Cr~III ! bonds.23 Additionally, a band corresponding to a Cr~III !-O-
Cr~VI ! covalent bond has been observed with Raman spectrosc
and remains unchanged under thermal treatment.8,27

Thermal decomposition at temperatures greater th
250°C.—The thermal decomposition of CCCs observed in Fig.
and 6 is characterized by three distinct episodes, which have ma
effects on coating corrosion protection properties. As has been
cussed, at temperatures between 60 and 100°C, dehydration oc
Cr~VI ! release stops, and a significant amount of corrosion re
tance is lost~Fig. 7!. The second transition, occurring at 300°C,
more complex and with at least three reactions occurring over a v
narrow temperature range. These reactions include~1! dehydroxyla-
tion, ~2! decomposition of the ferricyanide, and~3! oxidation of
Cr~III ! to Cr~VI ! ~Fig. 6!. The Cr~III ! to Cr~VI ! oxidation reaction
appears to have a large effect on CCC corrosion protection pro
ties. Over a very narrow temperature range there is a signific
increase in corrosion resistance, which occurs simultaneously w
an increase in the extent of Cr~VI ! released into solution~Fig. 7!.
The thermal oxidation of Cr~III ! to Cr~VI ! is a surface phenomenon
well known from work on chromium-based catalysts.22,24,25,29Al-
though the exact nature of the intermediate compounds forme
this process has not been clearly established, formation of a m
valency ~III and VI! oxide such as the chromium chromat
Cr2(CrO4)3 has been suggested.29 With the Cr~VI !:total Cr ratio at
400°C being approximately 0.30, as much as half of the CCC m
be expected to be Cr2(CrO4)3 at the outer surface, with the remain
der consisting of the nonstoichiometric Cr~III ! oxide. At the highest
temperatures examined in this study, Cr~VI ! is slowly reduced again
during formation ofa-Cr2O3 . This appears to correspond to a d
crease in corrosion resistance.

Relation between corrosion resistance and Cr(VI) leaching.—Rc
data from EIS and Cr~VI ! release shown in Fig. 10 are remarkab
coincident. It is tempting to suppose that immobilization of Cr~VI !
leads to a loss in self-healing ability, which is related to a decre
in measured corrosion resistance. However, the authors believe
the decrease inRc is due to the development of shrinkage cracks
the coating, which expose the substrate. Immobilization of Cr~VI ! is
also believed to be associated with dehydration. However, in the
to 250°C range, the trends inRc and Cr~VI ! release are believed to
be coincident only.

At temperatures greater than 250°C, the relationship may in
be casual. In this case, a mature pattern of shrinkage cracks de
ops. Thermal oxidation produces Cr~VI ! in the surface of the CCC.
Cr~VI ! can leach and heal the shrinkage cracks resulting in a
paired coating. However, above 250°C, while the cracks remain
the CCC, corrosion resistance is regained just when Cr~VI ! release
is again detected. At these temperatures, Cr~VI ! may be released by
dissolution of Cr2(CrO4)3 that is located in the outer part of the
coating. This Cr~VI ! may be acting to heal shrinkage cracks an
restore high corrosion resistance. These results are significan
two reasons. First, they show that EIS is a more sensitive indica
of self-healing than originally thought, especially when the pass
corrosion protection is low. Second, there may be methods base
simple thermal treatment for rehabilitating active corrosion prote
tion in CCCs that is lost by natural aging.

Conclusions

Our results support the previously established idea that dehy
tion is the primary factor inducing degradation of CCCs and loss
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corrosion protection in technologically significant temperature
ranges~60 to 250°C!. The formation of shrinkage cracks, and at
higher temperatures, the loss in Cr~VI ! leachability directly contrib-
ute to loss in corrosion protection. By considering (i ) new interpre-
tations of CCC structure, and (i i ) EXAFS data of CCCs subject to
isothermal treatment, it is possible to link dehydration and a sho
range structural rearrangement to shrinkage cracking, and loss
Cr~VI ! leachability. Above 250°C, a new and leachable Cr~VI !
specie is generated which allows the CCC to regain its corrosio
protection properties by forming a fresh Cr~III !-based protective
film on the exposed substrate.
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