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The release of chromate ions from chromate conversion cod@©€9 on Al alloys was studied, and the effect of aging of CCCs

on the chromate release kinetics was investigated. Chromate release from CCCs into aqueous solutions was monitored by
measuring the change in the chromate concentration in solution using UV-visible spectroscopy. Heat-treatment of the CCC greatly
reduced the chromate release rate. The chromate release rate also decreased with increasing aging time at room temperature. A
diffusion-control model was proposed based on the notion that the CCC in an aqueous solution is a porous, two-phase structure
consisting of a solid phase with adsorbed\@y species that is in local Langmuir-type equilibrium with an interpenetrating
solution phase. This model results in a concentration gradient of solubl)G@n the solution phase of the CCC as chromate is
released. The concentration and diffusion coefficients of solubéICm CCC were estimated. The estimated diffusion coeffi-

cient tended to decrease with aging time, suggesting that the CCC is modified with aging time.
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For aircraft coating technology, understanding the mechanism osamples were prepared by polishing to 1200 grit paper in water,
aluminum corrosion and the effect of chromates on corrosion inhi-rinsing with deionizedDI) water and degreasing in alcohol before
bition is important. Chromate conversion coatif@CC9 are com-  the Alodine treatment. Most samples were treated in the Alodine
monly used on aluminum alloy surfaces to improve the corrosionbath for 5 min. After Alodine treatment, the samples were rinsed by
resistance and to establish an adhesive base for organic coatingdipping in DI water, and aged in air at room temperature or at 50,
Chromate ions have increased the pitting potential of aluminum al-100, or 200°C. After a certain period of aging time, chromate release
loys in chloride media and reduced the rates of pit nucleation andvas determined during immersion in stagnant DI water or 0.1 M
growth if present in a high enough concentrattthOne of the NaCl solution at room temperature in glass beakers or glass vials. To
important aspects of CCCs is the dynamic repair of newly createdavoid evaporation of water, the beakers were covered with vinyl
breaks on coated metals, which is called self-healing. For examplesheets.

a CCC-treated Al alloy sample with a scribe mark through the coat- The concentrations of released Cr ions in solutions were periodi-
ing to the metal exhibits minimal corrosion in salt-spray testing.  cally measured by UV-visible spectroscopy using a home-built sys-

Zhaoet al.demonstrated the migration of chromates from a CCC tem controlled by a LabVIEW program. A cuvette of 10 mm path-
to an uncoated metal surface by detecting Cr on the surface of atength containing sample or reference solution was placed in the
initially untreated AA2024-T3 sample immersed in chloride solution path of monochromated incident light. The intensity of the transmit-
in close proximity to a CCC-treated sampl&he release of GVI) ted light was measured by a power meter, and the absorption was
from CCCs was further studied using UV-Visible spectroscopic determined as a function of the wavelength of the incident light.
analysis of solutions exposed to samples with C&The observa-  After the measurements, the solution in the cuvette was replaced in
tions were consistent with a release mechanism similar to Langmuithe test beaker. Quantitative determination of\Cy concentration
adsorption and desorption of @# ) from a porous, insoluble @tl) was calculated from UV absorption at the isosbestic point of 340
matrix. To fully understand the inhibition behavior of CCCs, one nm, where the absorption is independent of pH and is linearly re-
must fully understand the chromate release phenomenon. In thated to the concentration of total ®#).*®7 The linear calibration
present study, the release of(€F) from CCCs is examined for relation of CfVI) concentration to absorption measured at 340 nm
samples under a range of conditions, and a model describing thean be written agCr(Vl)] = (Abss,, 0.00157)/1062. An absorp-
release kinetics is developed. tion of 1 is almost equal to 1 mM of total Gfl); hereafter, we
express the concentration of total(€r) by absorption.

Experimental } ]
Results and Discussion

CCCs were prepared on aluminum alloys AA1100 and o
AA2024-T3 by immersion in Alodine 1200&enkel Surface Tech- _ Effect of heat-treatmert-The 0.1 M NaCl solution in contact
nologies solutions at room temperature. The Alodine bath consistedwith a CCC-treated AA1100 sample aged for 2 h at room tempera-
of 9.0gL! of a mixture reported to Be50-60% CrQ, 20-30% ture tended to show an increase in(\dp concentration with time,
KBF,, 10-15% KFe(CN)g, 5-10% K,ZrFs, and 5-10% NaF by approaching a constant value, as evidenced by an increase in the
weight, which is approximately 0.065 M in Cr. The pH of the bath absorption at 340 nnisee Fig. 1 The sample heat-treated at 50°C
was adjusted to 1.5 by the addition of nitric acid. The AA1100 for 2 h showed remarkably less chromate release than the sample
samples (3 cmx 8.35 cmx 50 wm) were given an acidic pretreat- agetoj at room temperature. CCC samples heat-treated at 100 or
ment using a triply diluted, commercially available detergent, Alu- 200°C did not release detectable amounts of chromates. The CCC
miprep 33 (Henkel Surface Technologiesand the AA2024-T3 sample aged at 200°C lost the brownish golden color characteristic
of CCCs as the color of the sample turned to metallic gray. Clearly,
heat-treatment suppressed the release of chromates from the CCCs.

* Electrochemical Society Active Member. Effect of aging and ratio of surface area to solution volume
dpresent address: National Institute for Materials Science, Tsukuba, (S/V).—Figure 2 shows the effect of room-temperature aging on
305-0047 Japan. chromate release from CCC-treated AA1100. Note that all samples

z HE .
E-mail: frankel. 10@osu.edu described hereafter were aged at room temperature. In general, the

concentration of GWI) in solution increased with immersion time
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Figure 1. Comparison of chromate release curves of CCCs on AAllOQ aged igure 3. Chromate release from CCCs on AA1100 aged at room tempera-
at room temperature or at 50, 100, or 200°C for 2 h. The concentrations o{ re for 2 h. TheS/V ratio was changed from 1.67 to 20 chn

chromate released from CCC samples aged at 100 and 200°C were undetect-
able. An absorption of 1 is almost equal to 1 mM[@fr(VI)]. The surface
area of each CCC sample was 50°%rmand the volume of DI water was

30 et solution. Because of the coiling, it is possible that not all regions of

the sample surface had access to the water or that thd Gzon-

centration was inhomogeneous in the solution. Nonetheless, the
and then reached an almost constant level of concentration. Theneasured concentration of @) continued to increase with/V
release rate of chromates from CCC decreased with increasingnd did not exhibit a limiting value indicative of solution saturation.
room-temperature aging time. The release rate in 0.1 M NaCl solu-Accordingly, the plateau of the chromate release curves with time
tion was higher than that in DI water. The samples polished slightlymust be determined by something other than saturation of the solu-
by SiC paper before immersion in water did not behave significantlytion with chromate. One possibility, as described the section on the
differently than the unpolished samples, which indicates that agingrelease model, is that the chromate solution concentration limit is a
did not only affect the very surface of the CCCs. For the samples inresult of a Langmuir-type adsorption equilibrium with chromate in
this figure, the surface area and solution volume were 50ard 30 the ccct
mL, respectively, so tha®/V was 1.67 cm?. Careful examination shows that the concentration afVOrin

The release of Q¥l) from CCCs on AA1100 aged fa2 h for Fig. 3 for S/V = 1.67 cmi'® is roughly twice that in Fig. 2 for the

differentS/V ratios is compared in Fig. 3. The () concentration ~ sameS/V. The samples in Fig. 2 were treated in an Alodine solution
increased witHS/V ratio. The steady-state value of (@t) concen-  stored for a long period of time, about 1 year, whereas the samples
tration for S/V =5 was about three times the value for in F|g 3 were made in fresh Alodine SOlUtiOnS. The detai|S Of
SIV = 1.67, so it varied linearly with this ratio. However, this linear Sample preparation obviously can greatly affect their behavior. We
dependence was not maintained for higsév ratios. TheS/V ra- were unable to investigate this dl_screpancy fu_rther; tht_e samples dis-
tios of 10 and 20 cri were obtained by coiling the strip sample cussed hereafter were all made in fresh Alodine solutions.

and immersing it in a glass vial with a relatively little amount of Effect of substrate—Figure 4 shows Q¥I) release from CCCs
formed on AA1100 and AA2024-T3 substrates. The release of
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Figure 2. Comparison of chromate release curves of CCCs on AA1100 aged Time/h

at room temperature for 2, 24, or 96 h. CCC samples were immersed in DI

water (solid Symbo|$ or 0.1 M NacCl so|ution(0pen Symb0|5 Chromate Figure 4. Chromate release curves of CCCs formed on AA1100 and
release curves of CCC samples polished slightly by SiC paper before immerAA2024 and aged at room temperature for 2 h. Bi¥ ratio was 1.67 or
sion were also measured in DI water to note the effect of damaging the5 cm®. The curves of CCCs on AA2024 formed by an immersion in Alod-
surface of the CCC&ouble squares and double cirgles ine bath for 1 or 5 min are compared.
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Figure 5. Comparison of release curves of CCCs on AA1100 aged for dif-
ferent periods of time. The absorbance 8WF = 3 was multiplied by 3.

chromates from CCCs on AA2024-T3 is slightly lower than that
from CCCs on AA1100, which indicates that the CCCs on different
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Figure 6. Effects of addition of a new CCC sample on AA1100 with 5¢cm

of surface area into 10 chof solution where a CCC on AA1100 with 50 ém

of surface area was immersed for about 400 h. The ®tdlratio after the
addition of a new sample was 10. The other curve shows the change in the
concentration of chromates by changing the solution to one of fresh DI water
after an immersion of a CCC on AA110&/(V of 1.67 cmi't) for more than

300 h.

substrates are different in nature. McCreery and co-workers have

shown that the accelerating influence of ferricyanide in Alodine so-

lutions is reduced on Cu and Cu-rich surfaces, such as would be

found at the intermetallic particles, as a result of adsorption of
Fe(CN)g* .89 This complex apparently inhibited electron transfer at
the surface, thus decreasing(k generation and CCC formation.
The CCC on AA2024-T3 preparedfa 5 min imnersion in Alodine

Release model-In a previous paper, the steady-state solution
concentrations were shown to be a result of a Langmuir-type equi-
librium with Cr(VI) species adsorbed on the C&Elowever, the

fact that a sample treated for a longer time resulted in a higher
solution concentration suggests that the CCC is not a two-

bath showed a higher release of chromate than that from a samplgimensjonal surface with chromate adsorption sites, but thati Cr

given onyy a 1 min chromate treatment. This suggests that the
amount of soluble Q¥1) increased with increasing immersion time
in the Alodine solution.

Release kinetics-To see the effect of th&/V ratio on release

behavior, the UV absorption was normalized. Figure 5 shows a com-

parison of the chromate release ®f = 5cm ! and three times
the chromate release f&V = 1.67 cm'L. After this normaliza-
tion, the release curves were almost identical. Therefore, the kinetic
of chromate release and the total amount of chronfradé the con-
centration in solutionwere approximately independent §fV.

To further investigate the cause of the plateau in the releas

a cell containing a sample that had been exposed for about 400 h
immersion atS/V = 5 cm ! (see Fig. 6. The first sample was kept

in the solution, so that the fin&/V ratio was 10 cm?®. The con-
centration of C{Vl) started to increase again after the addition of
the second sample. In another experiment, the solution of a sampl
with S/V = 1.67 cm'* was exchanged for fresh DI water after more
than 300 h of immersion. A very small amount of(Zr) was found

in the solution after the exchange. The further increase in chromate
concentration with the addition of another sample supports our pre-_.

vious suggestion that the plateau concentration @¢¥Qrdoes not

correspond to saturation. The fact that additional chromate was re©
leased when an equilibrated sample was placed in a fresh wate =
solution indicates that the original steady state was not determinec
by depletion of chromate in the CCC. However, the amount releasec

into the replaced DI water was less than that released into the origi
nal solution because the @f) concentration in the film was lower
as a result of the first exposure.

The release curves were normalized in another fashion in Fig. 7

Here, the concentration was normalized by the concentration at the

plateau,C(°), to study the release kinetics. Curves of normalized

€

curves, a second sample made by the same procedure was added §

binds to Cflll) throughout a three-dimension@D) porous CflIl)

film. A diffusion model was developed assuming Langmuir-type
equilibrium between dissolved Gfl) and a 3D CCC film. This
model accounts for all of the observations previously described.
The basis for the model is shown in Fig. 8. The structure of a
CCC in contact with an aqueous solution is considered to be a 3D
porous C(lIl) matrix or backbone with chromate adsorption sites

gnd an interpenetrating agueous phase. The chromate concentrations

in the aqueous phase within the CCC and the adsorbédlCr
[Cr(VI)(ag] and[Cr(VI)(ad)], respectively, can be functions of time
and depth from the metal/CCC to the CCC/bulk-solution interfaces.
e depth distribution of @Q¥I1) is assumed to change with immer-
8n time, as shown by the curves in the figure(MTy at the CCC/
ulk-solution interface dissolves into the bulk solution and is replen-

(
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concentration changed considerably with aging time, but they were

not strongly influenced by th&/V ratio. This suggests that the re-
lease of CfVI) was related to the structure of the film, which may
have affected diffusion of chromates in the CCC.

Figure 7. Change in normalized concentration of(\€r) as a function of
immersion time. The concentration was normalized by the concentration at
the plateauC ().
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mental data for CCCs on AA1100 aged for 2, 24, or 96 h. The curves were
Figure 8. Schematic of the release model controlled by diffusion and calculated by using the proposed model assuming ghaf, and the CCC
Langmuir-type equilibrium of Q1) species. thickness are 1.6x 1073, 1.5x 1072 molcm 3, and 1.2x 1074 cm, re-
spectively.Cq is 1.2 X 1072, 1.06 X 103, and 1.06X 10 2 mol cm 2 for
2, 24, and 96 h of aging time, respectively, afd is 4 x 107,
ished by outward diffusion of Qv1) in the agueous phase of the 1.6 x 107 and 0.35x 10 ! cn? s72, for 2, 24, and 96 h of aging time,
CCC. Diffusion in the bulk solution is ignored; the bulk solution is respectively.
assumed to be homogeneous. Locally within the CCC structure, a
Langmuir-type equilibrium is established between thé\VCyr ad-
sorbed on the CCC backbone and chromate in the aqueous phaselution expressed by an equation and to estimate unknown param-
within the CCC eters by curve fitting. A program was written to solve these equa-
tions and to plot the predicted solution concentration dMCras a
Cr(Vi)(ad = Cr(VI)(aq [1] function of tir%e. P

. . . . . . It was previously reported that the chromate release was consis-
Iibrilltjlnsm ?Sssfl;r;egotr?]?)t;gz Izgn(%frpuus'irgzpiﬁ ?ﬁesoégﬂggﬁj:sp%rgégn;?#gtent with a mechanism similar to a Langmuir adsorption isotderm
CCC. The binding energy of the adsorbed species is large corre-
sponding to the formation of covalent borfthis means that the
rate constant for adsorption is much higher than that of desorption,
zgoglc(:jr(t;/el)r(;g?[]ively[cs:rrrg\élll)(ad)]’ and the effective diffusivity where I'y, is the coverage of QvI) on the Ctlll) oxide in

. P L T . .

[Cr(VI)(ag] and[Cr(VI)(ad)] are related locally in the CCC ac- mol cm™4, B is a binding constant, anlis the fractlonal coverage
cording to the equilibrium of Reaction 1. Because of the interchange®f CT(V!)- However, when the rates of adsorption and desorption are
of Cr(Vl) ions between the adsorption and desorption state, the difiNe Same
fusion equation for the system of chromate release from CCC is K [CrI(1 — 6) = kmb (6]
more complicated than the usual type of Fickian diffusion.

As discussed in detail in the Appendix, the diffusion of\adn
species in CCC is described by

T.-Ty BLCrTI[HY] = F— (5]

Note thatk, is proportional td H*]. Owing to its high mobility, it is
assumed thdtH*] is independent of the depth and time. From Eq. 5

aC; n%p B Dach 5 and 6
ot (Ci+mp)?] 7 ax (2] k1l 1
, o BIH] = -~ = — [7]
where C; (=[Cr(VI)(aq)]) is the chromate concentration in the 2Mm P

aqueous phase of the CCC film,is the number of the adsorption . 4 o
sites in a unit volume, angl is the ratio of desorption to adsorption It has been reported th@{H"] = 10° mol™* L.* Therefore, it is
rate constantsk, /k,. The concentration of adsorbed chromatg, ~ Predicted thapm is roughly 10°° mol cn™®. Fitting of the model to
(=[Cr(VI)(ad)]), and the total chromate concentratiorG the_ﬁexperlm_esntal data was performed assuming phptis about
(=[Cr(VI)(aqg)] + [Cr(VI)(ad)]), at a particulax andt are known 10> molcm ®, and the diffusion coefficienD, the initial concen-
by tration of[Cr®*], and the film thickness were estimated. The values
of p (unitless and n (mol cm %) were varied from 1x 1073 to
ki Ct _ nC [3] 2 X 10°3. The unknown parameters are the diffusion coefficient,
KiCi + kom Ci+ mp D, the CCC film thicknesd,, the number of the adsorption siteg,
and the ratio of rate constants,/k; (=p). Sets of values of these
parameters were input to the program for obtaining a numerical
aC; S (taC solution of the differential equation, Eq. 4, and the predicte®/Or
—(0t) = 0, Ci(L,t) = C(t) = 7D—f —(L,t)dt [4] concentrations in the bulk solution as a function of time were fitted
ax Vo ox to the experimental data, providing estimated values of the param-

eters.L, p, andn affect the plateau Q¥I) concentration, buD
whereC;is the concentration of €v1) in the bulk solutionS is the does not.

surface area of the CC®, is the volume of the bulk solution, arid Figure 9 shows experimental data and curves calculated using a
is the film thickness of the CCC. Due to the time-dependent bound+epresentative set of estimated values of parameters. The model pre-
ary condition on the right side of Eq. 4, it is difficult to obtain a dictions exhibit good agreement with the experimental data, which

C,=C—Ci=n0=

The boundary conditions are as follows
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1.6 10°® spread between the highest and lowest values found by fitting the
SIV=20 numerical solution to experimental data; different sets of estimated

1.410° ¢ b values of parameters result in curves well fitted to the experimental
qE 1210¢ ] data. The diffusion coefficient tends to decrease with increasing
G room-temperature aging time, suggesting that the CCC is modified
° 1.010° - with aging time.
£ 8.0 107 From Eg. 2, the effective diffusivity of Cv1) in a CCC is given
= 80107} 1 b
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0 50 100 150 200 250 300 350 400 Dy is different thanD because of the interaction of @) with the
Time / h Cr(lll) matrix; D is the diffusion coefficient of GQWI) species in the
aqueous phase of CCCs with no consideration of the influence of
Figure 10. Curves calculated by using estimated values of parameters foraddsorption of CvI) with the Clll) matrix. Figure 11 shows that
S/V = 1.67, 5, and 20 cit. the values foD are on the order of 10 cn? s7%, which is sig-
nificantly lower than that expected for the diffusivity of (@i) ions
in bulk solutions. Therefore, the effective diffusivity within a CCC
indicates that the proposed diffusion model and values of parameter$ reduced relative to that in a bulk solution by two factors: the effect
estimated are appropriate. This supports the assumptions that tHef adsorption on the @Hl) matrix, which is accounted for by the
CCC is a 3D porous @HI) matrix or backbone with chromate ad- model, and the physical barrier nature of the CCC.
sorption sites and an interpenetrating aqueous phase, and that the The difference betweeR and typical diffusivities of ions in bulk
release kinetics are determined by the diffusion of chromate in thesolutions can be explained by the effect of the network structure of
aqueous phase in conjunction with local Langmuir-type equilibrium. the CKlll) matrix acting as a diffusion barrier. The CCC can be
The effect of aging is addressed later in this section. viewed as a biphase structure consisting of interpenetrating solid
Chromate release curves calculated by using four different sets o€r(Ill) matrix and agueous channels, and the pathways fovICr
estimated parameter values BV = 1.67 and 5 cm! are shown diffusion are the aqueous channels. These channels are apparently so
in Fig. 10. Changing the parameter values had the largest effect fofight and convoluted that they impede the transport of the soluble
S/V = 20 cmi'%, and the values used for the 20 churve in Fig.  Cr(V1) species through the CCC. This effect is probably larger when
10 are those used to fit the dath » h aging time in Fig. 9;  the local pH is low and the dominant () species is the larger
p=10x103 m=15x 103molcm?, CCC thickness dichromate anion. Formation of hydrogen bonds may also affect the
= 1.2% 10% cm, andD = 4 X 10" cn? s L. The model pre- diffusion of Cr(VI) species. Room-temperature aging probably de-
dicts that the plateau value of () concentration does not scale %?;Zfiz;h; ?$L%'ES§I'§; %I?helf;%egtr(:n ;Zfri?ucrég?ﬁgyfuitﬁferthe
exactly linearly with S/V, which was found experimentally, as . e .
shown in Fig. 3. The model predicts an increase in release $tith impedes the diffusion of Q') species. The structure of CCCs and

ratio similar to the experimental data, suggesting that the estimatet e effects of aging have recently been studied using extended X-ray

: bsorption fine structure analysisAging resulted in a decrease in
values of parameters are appropriate and that ti¢&lCconcentra- b ySISAgIng

SN ! . friagt .. the C(Il)-Cr(lll) nearest-neighbor distances, which is consistent
E:OFVII'T.'t risul(t:séfcr:om a Langmuir-type adsorption equilibrium with with polymerization associated with dehydration. Note that it is pos-
T in the .

sible to ignore aging effects during the immersion period, because

Itis possible to use the curves for differé®tV ratios to deter- gy ctural rearrangement associated with dehydration would not
mine which sets of values apply best for each aging time. The estiyocr.

mated diffusion coefficients of CCC samples aged for various peri- -t may pe more appropriate to compare the diffusivity values to
ods of time at room temperature are shown in Fig. 11. The bars inyqse for jons in polymers, which vary over a wide range, from
this figure (as well as in some subsequent figurespresent the 00 imately 107 c2/s~* in polymer electrolytes to near zero for

immobile ions or neutral$?* For example, polyethylene oxide
electrolytes chosen for high ion mobility exhibit diffusion coeffi-
cients for small molecules of % 1077 to 2 X 1078 cn?/s™2.
Much smaller diffusion coefficients are expected for cross-linked
polymers such as @il )(OH),, and the values are likely to decrease
as the extent of cross-linking increases with time or heat-treatment.
Therefore, theD values shown in Fig. 11 are within an acceptable
range for cross-linked polymers.

10 L | Figure 12 shows the effective diffusivity of Gfl) in the CCC

on AA1100 as a function of room-temperature aging time, position
within the CCC, and time of immersion in water. The effective
diffusivity decreases with immersion time owing to a decrease in
both [Cr(VI)(ag] and [Cr(VI)(ad)] as the CVI) is released from
the CCC into the bulk solution. The effective diffusivity is lower at
the CCCl/solution interface than at the AI/CCC interface because of

107 T T T T

Diffusion Coefficient/ cm 2 s

1012 L L L L the CKVI) concentration gradient within the CCC, as is shown later
0 20 40 60 80 100 in this section. The effect of room-temperature aging time is re-
Aging Time / h flected in the change iB shown in Fig. 11.

The estimated initial concentration of soluble(\@ is shown in

Figure 11. Estimated diffusion coefficient of Qvl) species in the CCCson  Fig. 13. The amount of soluble chromate in the CCC does not
AA1100 as a function of aging time at room temperature. change markedly with aging time at room temperature, up to 4 days.
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Figure 12. Effective diffusion coefficient of Q1) species in the CCCs on  Figure 14. Estimated thickness of CCCs on AA1100 aged for 2, 24, or 96 h.
AA1100 as a function of aging time at room temperature, location within the
CCC, and time of immersion in water.
concentration in bulk solution is initially 0 and gradually increases
by the CtVI) release from CCC. At highed/V ratios, the change of

. . . Cr(VI) concentration at the CCC surface is larger.
This suggests that the Gfl) is not reduced to GHI) during room-

temperature aging, does not form an insoluble product, and does not Implications of modeiThis release model supports the view of
form an irreversible bond with the @H) matrix species. Note that a CCC as a 3D porous (i) matrix or backbone with chromate
the situation changes after very long aging times. A CCC-treatedadsorption sites and an interpenetrating aqueous phase. Release of
panel of AA3003-H14 contained virtually no GH) by X-ray ab- Cr(Vl) from this biphase structure is driven by a Langmuir-type
sorption near-end structure analysis. equilibrium of the CCC at the film/bulk-solution interface, and the
The estimated thickness of the CCC is shown in Fig. 14 as arelease kinetics are determined by the diffusion of chromate in the
function of aging time. The estimated CCC thickness was almostaqueous phase in conjunction with a local Langmuir-type equilib-
constant at approximately wm, which corresponds with the re- rium.
ported CCC thickness. From the corrosion point of view, this model provides important
Figure 15 shows the change in the concentration of adsorbedmplications as to how Q¥I) releases in the field. SrCy@igment
Cr(VI) on adsorption sites of CCC and free(@r) in aqueous phase in paint does not form a Langmuir-type interaction with the solution
in CCC as a function of immersion time. Because the binding ofin which it is contact; chromate pigment release$\Cr until the
Cr(VI) to Cr(lll) is strong* Cr(VI) species exist primarily as ad- solution is saturated. When @A) in the surface solution reduces to
sorbed C{VI1) in the CCC. The shape of the adsorbed\Cy curves Cr(lll) for corrosion protection of a nearby metal, the remaining
is similar to those of free Qv1) because local equilibrium is as- SrCrQ, solid releases more Gfl) to maintain saturation. The solu-

sumed. The relationship between adsorbe®/Orand free C{VI)is  tion remains saturated until the SrGr@s fully consumed. For
expressed by Eqg. A-7 in the Appendix. The depth profiles of free

Cr(VI) in CCC aged for 2 or 96 h derived from the model calcula-

tion are shown in Fig. 16top) and (bottom), respectively. Because 102
the main difference between 2 and 96 h aged CCCs is in the value o

the diffusion coefficient, the shapes of the depth profiles are basi-

cally similar to each other, although the time scale is different. The  10?
Cr(VI) concentration at the surface of the CCC at the initial stages
of immersion is smaller than that at longer times because tiél Cr

T T T T

Al/ CCC interface

-
o
A

10°

&
14103 T T T T E A[/CCCtrf ""‘24haged
mierrace
- ] - ——96 h aged
o 1.210% § 10
€ 1010° 1 =t
3 & g | e
2 8010°} . .
E free Cr(VIl) in aqueous phase
° 6.010* T '
? 10° CCC / solution interface ]
= 4010+ 7
0 = 1 1 1 1
= 2010* . 10°
0 100 200 300 400 500
0.0 10° L 1 L L .
0 20 40 60 80 100 Time /h
Aging Time / h Figure 15. Change in the concentration of adsorbed\Cy and free C{VI)

in aqueous phase at the Al1100/CCC interface and at the CCC/solution in-
Figure 13. Estimated initial concentration of Gfl) contained in CCCs on  terface for CCCs aged 2, 24, or 96 h. The curves were obtained by using the
AA1100 as a function of aging time at room temperature. values of parameters used in Fig. 9.
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200 h
300 h

formation of Cflll )—O—Cr(VI) bonds. These hydroxyl groups act as sites for adsorp-
7 tion of Cr(VI), accompanied by the addition of a hydrogen ion to produce water. The
reaction may be represented*by

Al/ CCC interface CCC surface estimated. The diffusion coefficient decreased with aging time at
6.0 10° : . : : : ' \ room temperature, presumably because of the development of the
' CCC matrix.
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= Appendix
L 4010 i Diffusion of Hexavalent Chromium in CCC
100 The total concentration of &rwithin the coating is a function of the positior,
0.0 10° h — ! 1 ] | and the immersion time, and is given byC(x,t), with x = 0 at the metal/coating
interface and = L at the coating/solution interface. In genef@lis comprised of two
00 02 04 06 08 1.0 contributions,i.e., the concentratior€; of Cr'' that is free to diffuse, and the concen-
Normalized Distance from Al / CCC Interface tration C,, that is adsorbed on any of thgadsorption sites available per unit volume of
the film. We assume that is independent ok andt. Hence
Al/ CC% interface CCC suvrface C(x,t) = C;(X,t) + Cyx,1) [A-1]
-6
4.010 ' E T 7 T T ' Adsorption kinetics-We assume that; and C, are related by simple Langmuir-
3.510° _96 h aged L : type adsorption kinetics. In that regard, consider a thin “slab” of coating extending
- : ; N from x to x + dx. The number of adsorption sites per unit area of this slaftis. Let
! 3.0 10° ' 0(x,t) be the fraction of these sites occupied by adsorbéd, @om which we deduce
g : B ' 7 that
—_ 6 | , |
g 2.510 ; C.dx = mdx8 or C,= 10 [A-2]
E ooo10eL  150h: _ _ _
. ' 7 We consider the insoluble GH) to have many surface hydroxyl groups available for

5.0107 + 400 h\L Cr(lll)-OH + Cr(VI)(ag)
500~ .
0.0 10° ' ' ' : : . + H'(ag = Cr(lll)-0O-CrVl)(ad + H,0 [A-3-1]
00 02 04 06 08 1.0 k2
Normalized Distance from Al / CCC Interface Cr(lll)—OH represents insoluble @H) oxyhydroxide, CfVl)(ag) is solution-

phase QiVI) species which include oxygen atoms, andlICy-O-Cr(VI) is the adsorbed

Figure 16. The in-depth profile of free Cvl) in aqueous phase in CCC f;:fgz\%\(ggm Crlil) by oxygen. Note that @v1)(aq) has one oxygen atom more

aged at room temperatui@op) Aged for 2 h. C¢VI) profile at various The reaction is reversible, so the CCC may releas¥/IGrand the Cfll) oxyhy-
immersion times is plotted. The curves were obtained by using the values ofiroxide may adsorb ©v1) from the agueous phase. Considering the existence of
parameters used in Fig. 9 and 1Bottorm) Aged for 96 h. Cr,0%™ as a CfV1) species, the reaction of insoluble(ir) oxyhydroxide with C503 ™
can be expressed by Reaction A-3%2Two Cr(Ill) are connected with each other by
two ol-bridges

CCCs, the equilibrium Q¥I) solution concentration depends on the

. . X 2Cr(lI1)-OH + Cry(VI)03~
S/V ratio, surface GiVl) concentration, and solution pH, etc. Re-

lease of C{VI) from the CCC film results in a lower surface (&) K
concentration. As Q¥I) in the solution is consumed, the equilib- + 2H"(ag) = 2[Cr(Il)-0]-Cr,(V1)O; + 2H,0  [A-3-2]
rium Cr(VI) solution concentration decreases. The total amount of k

_Chromate in pigmented paint is usua”y far_ in excess Of_ the amounkrom the stoichiometric point of view, Reactions A-3-1 and A-3-2 are basically the
in a CCC. However, for a CCC and SrCr@igment containing the  same.

same amount of QvI), the CCC film lasts longer because of the The adsorption/desorption reactions within the slab are described as follows
different type of equilibrium reached with the solution.

As shown in Fig. 2, NaCl addition to DI water enhanced\Qy
release. It seems that chloride anions inhibit the reversible binding
of Cr(VI) to hydrated chromium hydroxid€,so that the diffusivity
of chromates is enhanced. The higher release rate in the presence Wierek, andk, are rate constants, witky being proportional t§H*]. It is assumed

corrosive chloride ions is useful from the viewpoint of corrosion thatC, > C; because the binding energy of the adsorption is high, corresponding to
chemisorptiorf. We assume thdiH*] is independent af andt. Langmuir-type kinetics

Rate of adsorptiors k;C¢(1 — 6) [A-4]

Rate of desorptions k,C, = kom0 [A-5]

rotection.
P involves taking the two rates to be equal
Conclusions
~ ] o Ky Ct kCi 0 a6
Release of chromate from CCC was verified by UV absorption TkCiikm Tl 1-9 [A-6]

measurements. Heat-treatment of CCC markedly reduced the ion
release rate. The release rate of chromates from CCC decreased with We can now establish a relationship betwégrandC, i.e.
aging time at room temperature.

A diffusion model was proposed in conjunction with a local Ca=C—Ci=n0= nkaCi G [A-7]
Langmuir-type equilibrium with an interpenetrating solution phase. KiCr + ken - Gy + mp
Using this model, the diffusion coefficient of chromates in the CCC, yherep = k, /k, . Note thatC, < m, as expected. We now have the following qua-
the CCC thickness, and the initial concentration of\@y were dratic equation
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(C — C)(Cs + mp) = G whereCg(t) is the concentration of €t in the solution beyond the film, which occupies
volume V. Moreover, it is assumed tha&(x,0) andC,(x,0) are related tdC(x,0)
through Eqg. A-9 and A-10, respectively.

2 — — = -
or Ci + Clmp + 1 = C) —mpC =0 [A-8] The boundary conditions are as follows

only one solution of which is physically acceptable, that being

aC¢ S BCf
S (00 =0, Ci(Lt) = Cd) = D | —=(L.tyd [A-22]

1
Cr=3{C—m —mp+[(n+mnp—C)?+ 4npC"3 [A-9]
The first of the two boundary conditions is a statement of the assumption tHadd@s
not diffuse backward, into the metal. The second is a statement of the fac® {tiat
results from the diffusive flow of ¢t from the film into the solution.

The boundary conditions can be scaled to make them consistent with Eq. A-16.
Toward that end, we define the following new dimensionless parameters

The other solution would giv€; < 0. Thus, we have&c; > 0, and we can show
from Eq. A-7 thatC; < C, leading to the conclusion that@ C, < C, all of which are
physically correct.

The corresponding relationship fax, is easily obtainedi.e.

C,=C—-Ci= %{C +m+mp Xs=m Cs, o=1%s, v=mqV, A= [A-23]
2 T Combining Eq. A-15 and A-23 with A-22, we find that the scaled boundary condi-
- [(T] +mp = C) + 4TIPC] 2} [A'lo] tions are
The diffusion equatior-The diffusion equation appropriate to this system is under-

standably more complex than the “usual” Fickian-type expression, due to the inter- Taxs
change of Cf' between the fre€diffusing) and bound(adsorbeil states. However, it E(OT) 0, xf(A7) = xo7) = — = _()‘ 7)dr [A-24]
can be derived based on a simple conservation-of-matter argument. Toward that end,
consider again the slab of film extending fromo x + dx, taking the surface area of . . .
the film to beS. Then Note that there is no explicit dependence®ror m in Eq. A-24.

Global conservation of matter-The diffusion equation is an expression of conser-
vation of matter at the local or microscopic level. A global or macroscopic expression

aC ) ) )
E(x,t)sdx= Rate at which Cf is being added to the slab [A-11] for the conservation of matter is

The only way this addition of matter can occur is by the diffusive flow of freé Cr L v
so that CoL = f C(x,t)dx + §Cs(t) [A-25]
0
ﬁ(X’I)SdXZ -D W(X’t)s -|-Db W(X +dxHs [A-12] This expression can also be presented in scaled form, first defining
whereD is the diffusivity of the free Cf'. The first term on the right side of Eq. A-12 Xo =M C, [A-26]
is the rate of influx of free ¢t into the slab, and the second term is the rate of egress.
Expanding that second term in a Taylor series and combining terms to obtain
acC 9°Ci aC; _9°Cp 3G, A v
T T T [A-43] XA = | X(EDdE+ —xln) [A-27]
0

dropping the %,t) arguments. The second form of Eq. A-13 is recognizable as Fickian ) " o )
diffusion in the presence of a sink. Dependence upgin Eq. A-13 can be eliminated ~ Rearranging Eq. A-27 and utilizing the second expression in Eq. A-24 yields
using Eq. A-7, which relate€, to C;. We thus obtain

A
ac, % a2C, XiA) = E(XOA - f [xi(&) + xa@,mdg) [A-28]
iy ——|=p— [A-14] v 0
at (Ci + mp) ax

Knowing C; at a particulax andt also tells us the values &, andC at that position Butxa = x¢/(xs + p), so differentiation with respect toyields

and time via Eq. A-7.

Equation A-14 can be scaled, and in so doing, all explicit dependence on the de
parameters) andD is eliminated. Toward this end, we define the following dimension- Xf()\ T = - = —(% T)
less variables

P
T & T ) dg} [A-29]

E=0" =270t xi=07"C [A-15]
Numerical representatior-Equation A-16 represents a partial differential equation
in terms of which Eq. A-14 is reduced to with boundary conditions expressed by the first expression in Eq. A-24 and by Eq. A-29.
This partial differential equation can be reduced to a system of ordinary differential

axs p 92y equations by discretizing théaxis and assigning an ordinary differential equation to
— 1+ —| = —% [A-16] each of the points considered. To do this, divide the interval fromXitdo 2n equal
a7 (Xr +p) 98 subintervals. Then there will ben2+ 1 nodes and 2 + 1 ordinary differential equa-
Some of our earlier results can also be scaled if we first define tions. Let
xa=n"lCa, x=m7lC [A-17] AE = 21 (A-30]
n
in which case Eq. A-4, A-9, and A-10 become, respectively
and
kyXt Ky X 0
S kYT, 1o [A-18] g =iAg for i=0,1, .., @ [A-31]

1 Let xi, Xxri,» andx,; be the values ok, x;, andx,, respectively, at;, for i
e iy — 1 — 0+ [(1+ 0 -2+ dpy A-19 =01, .., 21.'The quar)tlplgs(i, Xii s an‘dxavi are functions ofr alone. In terms of
72 {x A P pxI™ L ] these new functions, the initial condition is

1 Xai0) + x1(0) = xo for i =0, 1, ..., n — 1 [A-32]
Xa= X ~Xr=5{x+1+p—[(1+p—x7+4px]"3  [A20] & ' ?

Xa2d0) = X12n(0) = 0 [A-33]

Given the value 0\5(0, the values ofy;;(0) can be obtained by applying Eq. A-19.
C(x,00 = C,, C(0) =0 [A-21] The value ofy®x;/0£2 can be approximated by taking finite differences

Initial and boundary conditions—The following initial conditions are imposed
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a%x(1AE,T i21(1) = 2x5i(T) + Xgisa(T C(x,) = Ci(x,) + Cy(x,% A-44
Xf; 2% ) _ Xf,i 1(7) XAfl( 2) Xf,|+1( ) n O[(A§)3] [A-34] ( ) 1( ) = ) [ ]
£ (A€) and
whereO[ (A£)°%] is a term of order ££)°. If that term is neglected, Eq. A-16 becomes
[(28)°] 49 9 q Cilx) = Cye) (A-45]
dxsi _ { p }71Xf,i—l — 2X1i T Xti+1 from which we obtain
dr (X1 + p)? (A%)
CoSL = [Ci(X,2) + C4X,2)]SL + Cq )V
for 0<i<2n [A-35] ° [Cilxee) + Colx,e)] <)
= Cq(®)(V + SL) + C4x,»)SL [A-46]
For the boundary & = 0, Eq. A-35 is slightly simplified. To accommodate Eq. A-24,
one may define a fictitioug; _; = X1 . Then Eq. A-35 becomes We can eliminateC, using Eq. A-7
dxro p “T2x61 — 2X40 _ _MGix)
0 : : - Cox,%) = g [A-47]
dr o+ 02 (AE? [A-36] d Cix=) T

The most difficult part of the problem is implementing the boundary condition COmbining Eq. A-45 through A-47
given by Eq. A-29. As a first step toward this, deffesuch that

MCy()

CSL = Cq®)(V + SL) + ———— [A-48]
So =Sy =1 [A-37] Cy(=) +mp
Dividing through bySL and defininge = V/SL
ss=4fori=1,3 .., 21 [A-38] 9 gn by &

_ MCy(*)

s=2fori=2 4, .,H-2 [A-39] Co=Cy»)(oc + 1) + OERT) [A-49]
Then for any functiorf, Simpson’s rule may be implemented as Equation A-49 can be expressed as a quadratic expressiogd), i.e.

CCy®) + mp] = C{)(0 + 1)[Cy*) + mp] + nCy)

N 2n
Ag
fdg = — s f; + O[(A§)* A-40 [A-50]
fo €= 3 ; t (487 [A-40] Putting Eq. A-50 into standard quadratic form

where O[ (A£)*] is a term of order ££)*.17 If the higher-order term in Eq. A-40 is (0 + 1)CY»)? + [(0 + I)mp + m — Co]Cy(*) = Cqnp = 0

neglected, Eq. A-29 becomes, in discretized form [A-51]

Equation A-51 has two roots, only one of which is physically acceptable, the other
being negative.
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