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Abstract

Four applications of capillary electrophoresis of inorganic ions to the study of corrosion processes are presented. Analyses
were conducted of solutions formed on high surface area carbon papers during exposure to corrosive gases, solutions
extracted from corroding regions under organic coatings on an aluminum alloy, leachate from chromate conversion coatings
on an aluminum alloy, and solutions reconstituted from corrosion products removed from aging aircraft. The flexibility,
sensitivity, and robustness of the CE techniques were critical in the analyses required, as was the development of solution
extraction methods that were able to retain the important characteristics of the solutions of interest. Analyses for a range of

31 21 21inorganic anions as well as metal cations, including Al , Mg and Cu , are presented.  1999 Published by Elsevier
Science B.V. All rights reserved.
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1. Introduction Determining the chemical compositions of these
occluded solutions is critical to understanding their

The solution chemistry near the metal–solution role in the corrosion process and developing effec-
interface can have a controlling influence on the tive mitigation strategies.
nature and rate of electrochemical reactions. These Capillary electrophoresis (CE) provides a means
reactions often involve the dissolution of the metal. to analyze the ionic content of occluded solutions,
Such corrosion processes are extremely costly, with despite their small volumes. The ionic (as opposed to
estimates reaching 4.5% of each country’s gross uncharged, molecular) species are generally regarded
national product. [1] Industrialized nations are thus as the type that cause corrosion, with anions being
facing an annual corrosion cost on the order of particularly important. This paper describes the
billions to hundreds of billions of US dollars. In application of CE as a tool to analyze occluded
many types of corrosion phenomena, the solution of solutions. Four examples are used to illustrate the
importance is extremely limited in volume due to process by which CE, when combined with other
physical occlusion or other geometric constraints. experimental tools, has been used to improve our

understanding of the chemical and electrochemical
conditions inside occluded corrosion regions. The
four examples are connected via the very limited

* volumes of solution species available for analysis inCorresponding author. Tel.: 11 804 9825783; fax: 11 804
9825799; e-mail: rgkelly@virginia.edu each case.
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1.1. Surface active paper (SAP) 1.2. Failure sites in organic coatings

Atmospheric corrosion occurs on metals exposed Organic coatings for corrosion protection of met-
to ambient atmospheres. Although rates are generally als are used widely due to their ease of application,
low, oxidation rates increase substantially when the effectiveness, and low cost. Loss of protection in
relative humidity is above about 60% [2]. Although organic coatings usually occurs at discrete sites
the extent of metal loss is generally not of concern rather than catastrophically across the entire surface.
for structural strength, it can cause failure of elec- These defects can occur due to a range of processes
tronic circuits, difficulties in soldering of printed (e.g., chemical or physical heterogeneities) but, in all
circuit boards, and loss of aesthetics, such as in the cases, they contain an aggressive solution that leads
tarnishing of silver jewelry or serving utensils. The to corrosion of the underlying metal. The solutions
corrosion process occurs more rapidly in the pres- can develop because of diffusion of water and
ence of trace amounts (parts per billion by volume) transport of ionic species through the coating. His-
of pollutant gases such as NO , H S or SO . The torically, only solutions from very large coating2 2 2

so-called acid gases are absorbed into the thin water defects (.10 mm diameter) have been analyzed
layers that exist on surfaces exposed to air, are chemically [4]. To better understand the nature of the
hydrolyzed to anions, and lead to corrosion of the solutions that develop and what processes control
metal. their development, we have used CE along with

Prevention of atmospheric corrosion is often microelectrodes to quantify the chemistries within
achieved by the use of protective coatings or volatile defects that develop in organic coatings on an Al
corrosion inhibitors (VCI). VCI preferentially absorb alloy used extensively in the aerospace industry,
onto the metal surface, displacing water. In many AA2024-T3. The defects we have studied are in the
applications, these protection schemes are not opti- size range of 1–7 mm in diameter.
mal; connectors on printed circuit boards must be
cleaned of the VCI before soldering can be per-
formed. Such cleaning usually involves the use of 1.3. Chromate conversion coatings (CCCs)
increasingly-regulated organic solvents. An alterna-
tive method of corrosion protection is absorption of Chromate conversion coatings are used widely on
the corrosive gas by SAP before the gases can enter Al alloys to prevent corrosion. A chemical process is
the water layer and attack the metal [3]. These used to replace the natural Al oxide that is sponta-
papers are cellulose-based, but have large volume neously forms in air with a much more protective
fractions of high-surface-area carbon processed into film containing aluminum oxide, chromium(III)
them. oxide, and chromium(VI). Although it has been

Although the utility of the concept has been speculated that the CCCs functioned via leaching of
demonstrated qualitatively, we have used CE to chromate from the film and transport to active
analyze the capacity of these papers for absorbing corrosion sites, until recently [5] no techniques had
different pollutant gases, including the effects of sensitivity to determine the leaching of chromate
relative humidity on that absorption, and the effect of from these thin films. Zhao et al. [5] used Raman
elevated temperature on subsequent desorption. The spectroscopy to follow the release of chromate from
occluded solutions of interest in this case are the thin CCCs in 0.1 M NaCl solution. We have studied the
films that form on the SAP surfaces due to ad- release of chromate into high-purity water as a
sorption of water and the adsorption–absorption of simulation of what may happen during exposure to a
pollutant gases onto the surfaces or into the water non-aggressive atmosphere before placement into a
layer. CE results were combined with corrosion rate corrosive service environment. The ability to leach
measurements using the quartz crystal microbalance chromate must be regulated in order to provide
(QCM) to quantify the efficacy of SAP on reducing long-term protection. CE was used to measure the
atmospheric corrosion of copper exposed to SO , leaching rates of chromate from CCCs over long-2

NO or H S. term exposure to small volumes of solution.2 2
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1.4. Aging aircraft relative humidity was then purged through the flask
for 20 min. The flask was then sealed by pinching of

Both civilian and military fleets of aircraft are the inlet and outlet tubing of the flask. The flask was
aging. For example, the average age of KC-135 then placed in a 308C water bath where it remained
tankers in the US Air Force is over 35 years [6]. for the duration of the exposure.
Time-dependent processes such as corrosion may
limit extension of the service life of such aircraft.

2.1.2. Failure sites in organic coatingsOne area on aircraft that is particularly vulnerable to
AA2024-T3 is an age-hardenable aluminum alloycorrosion is the lap splice area, the region over

widely used in jet aircraft for the fuselage skin andwhich the upper and lower skins are joined to form
other structures. For the organic coating study, thethe fuselage. Water and corrodents can become
material used had a composition of 4.51 Cu, 1.48trapped in the lap splice joint. Corrosion of the skins
Mg, 0.64 Mn, 0.16 Fe (%, w/w), and remainder Al.subsequently occurs and can lead to structural dam-
The surfaces of the 0.04 in. (1 in.52.54 cm) thickage. The repair costs for corrosion in these regions
sheet material were cleaned in Alconox beforeare extremely high [7]; the effects on flight safety are
ultrasonic cleaning in hexane. A vinyl coating wascurrently a matter of much debate.
applied via spin coating to a thickness of |10 mm.Understanding the chemical and electrochemical
After curing, the coated samples were exposed underconditions that develop inside these joints is critical
freely corroding conditions to quiescent 0.6 M NaClto the development of accurate life prediction
or 0.1 M KCl for between 14 and 18 days. Duringmodels. To achieve such understanding, CE has been
this time, blisters in the coated sample due toused to help determine the nature and concentration
corrosion processes became visible.of the ionic species present in lap joints retrieved

from service. Electrochemical testing has been used
to determine which of those species impact the 2.1.3. Chromate conversion coatings
corrosion rate of aluminum alloy AA2024-T3, the Chromate conversion coated AA2024-T3 samples
primary fuselage skin material of most jet aircraft. were produced according to published procedures

[8]. In addition, samples prepared were obtained
from R. Buchheit of Sandia National Laboratory.

2. Experimental Both types of samples were immersed in high purity
2water in sealed containers. Each sample was 17 cm

2.1. Corrosion testing methods in total surface area, and a total of 8.5 ml of water
was added to the container, which was designed in

2.1.1. SAP the form of a narrow trough to maximize the surface
SAPs were obtained from 3M (Minneapolis, MN, area-to-volume ratio. Samples were kept at room

USA). One-liter flasks were used as exposure cham- temperature.
bers to determine the capacity of the SAP. The flasks
were cleaned with Alconox, rinsed, and allowed to
dry. A permeation tube, containing the pollutant of 2.1.4. Aging aircraft
interest (i.e., NO , SO or H S), was placed in the A rubber policeman placed on the end of the glass2 2 2

bottom of the flask. Permeation tubes are thick- rod was used to scrape corrosion products from lap
walled plastic tubes containing a two-phase (gas– joints found to have corrosion during routine mainte-
liquid) mixture of the pollutant of interest at high nance of commercial and military aircraft. The
pressure. The exposure temperature controls the corrosion product was collected in a sterile petri
permeation of the gas through the polymer wall. A dish. Approximately 350 mg of corrosion product

225.8-cm piece of SAP was cut from the supply roll was collected on average. The petri dish was taped
and suspended from a clip embedded in a rubber closed and mailed along with sampling location
stopper. The rubber stopper was carefully put in information to the University of Virginia for analy-
place to seal the flask. Pure air at the selected sis.
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2.2. Sample extraction and preparation soaking the retrieved corrosion products in 2 ml of
high purity water for 24 h. The solution was then

2.2.1. SAP removed with a 3-ml syringe. Each solution was
In order to extract the adsorbed and absorbed passed through a new 0.45-mm filter to remove any

pollutants from the SAP, the flask was removed from insoluble particles before transfer to the capillary
the water bath after the specified amount of time had electrophoresis vials. Each of four vials was filled
passed. The rubber stopper was carefully removed, to with 0.2 ml from a solution sample so that a different
ensure that the SAP did not touch the sides of the vial could be used with each electrolyte. In this way,
flask. The paper was then cut in half and each half contamination from carryover could be prevented.
was placed into a plastic 50-ml petri dish, which had
been previously rinsed with Milli-Q water and dried. 2.3. Analysis procedures
Fifteen milliliters of 10 mM LiOH was poured into
the flask. The paper soaked for 2 days, allowing the All CE analyses were performed on a Waters
pollutant to be desorbed from the paper into the soak Quanta 4000 controlled by Millenium software (ver-
solution. This methodology was shown to extract sion 2.10). The power supply, running mode, lamp
.96% of the species present [9]. After extraction, and filters used were dictated by the analysis method
samples were analyzed along with standards, water, selected. All water used came from a Millipore UV
and LiOH blanks. The amount of each ion measured system. All filters in the water purification system
was normalized to the nominal area of the SAP. were changed when the concentration of organic

acids exceeded 10 mg/ l.
2.2.2. Failure sites in organic coatings

Solutions were removed from blisters via the use 2.3.1. Standard and electrolyte preparation
of a microsyringe pump, as detailed elsewhere [10]. Along with the samples, standards and blanks of
Aliquots between 0.4 and 10 ml were removed, high purity water were added to each carousel for CE
depending upon the size of the blister. The aliquots analysis. The standards used were generated daily by
were then placed in a CE vial, diluted where dilution of 1000 mg/ l commercial standards or, if
necessary with high-purity water, and analyzed for unavailable, those prepared from laboratory salts.
their anionic and cationic content. The commercial standards were Setpoint Laboratory

Standards used for ion chromatography and pur-
2.2.3. Chromate conversion coatings chased from Analytical Products Group (Belpre, OH,

Periodically, aliquots of 100 ml were extracted USA). The working standard concentrations ranged
from the testing solutions for analysis. The volume from 0.3 to 20 mg/ l of each ion.
of solution removed was replaced with high-purity Four electrolytes were used: chromate and phos-
water. The aliquots were analyzed directly, without phate were used to analyze for anions, while UVCat1
additional dilution. and Modified UVCat2 were used for cations. The

electrolytes were prepared using the recipes found in
2.2.4. Aging aircraft Table 1. OFM-OH is an osmotic flow modifier in the

The main method used for sample extraction was hydroxide form. It was prepared by converting a 20

Table 1
Analysis electrolyte compositions

Electrolyte name Composition pH

Chromate 5 mM sodium chromate tetrahydrate and 0.5 mM OFM-OH 8.0
Phosphate 12.5 mM potassium phosphate monobasic, 14.8 mM sodium phosphate dibasic, 8.0

and 1 mM OFM-OH, pH adjusted with 0.1 M sodium hydroxide
UVCat1 5 mM UVCat1 and 6.5 mM HIBA 4.4
Modified UVCat2 1 mM UVCat2 (guanidine hydrochloride) pH adjusted with 100 mM nitric acid 3.1
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mM solution of tetradecyl-trimethyl-ammonium bro- 3. Results and discussion
mide (TTAB) by passing it through an anion-ex-

2change resin in the OH form from J.T. Baker. One 3.1. Capacity testing of surface active papers
hundred milliliters of electrolyte were prepared at a
time and a typical electrolyte was used for 3 weeks. Fig. 1 shows electropherograms of soak solutions
The electrolyte was degassed using a vacuum filtra- from SAPs exposed to NO . The SAP were exposed2

tion device. to dry (,10% relative humidity, RH) air with an
increasing NO concentration (371 mg/ l?h) for 192 h2

at 308C. The dominant nitrogen species detected in
22.3.2. Capillary preparation the soak solution was NO . Fig. 2 shows the3

The capillaries used (Polymicro Technologies) relationship between the amount of nitrate detected
were 60 cm long tubes of fused silica with an inner and the amount of NO permeated. During the test2

diameter of 75 mm and an effective length (from the time, the permeation tube was continuously emitting
sample to the UV window) of 52 cm. A small gaseous NO . Only after 45 mg of NO has been2 2

2window (about 2 cm long) of the polymer coating evolved from the tubes does the amount of NO3

which makes the capillary flexible was removed by detected saturate for the case of adsorption at low
burning it with a disposable butane lighter so the UV RH. At high RH, more NO can be adsorbed onto2

light could pass through at the detector. After the papers. This result is likely due to a combination
burning, the window was rinsed with methanol. The of physical adsorption at both RH on sites that are
interior of the capillary was prepared by purging for dry, and absorption of NO into a water layer that2

2 min with 0.1 M KOH. It was then rinsed for 10 forms under the higher RH. Under the higher RH
min with high-purity water. Finally, the electrolyte condition used in the present study, the water
was purged through the capillary for 15 min. Each adsorbed is not a continuous layer, but a series of
capillary was dedicated to a single electrolyte. After unconnected islands [11]. Companion studies [12]
the sample set was completed, the capillary was have shown that the presence of the SAP reduces the
purged with water for 10 min to prepare for storage. corrosion rate of copper exposed to SO at 70% RH2

by more than an order of magnitude.
The CE studies were also able to show that both

2.3.3. Instrument parameters the mechanism and the extent of adsorption of
Sample injection was performed hydrostatically pollutant by the SAP vary with the nature of the gas.

for 30 s at a 10-cm elevation. Chromate and phos- The solutions extracted from SAP samples that had
phate electrolytes were run with a constant current been exposed to the pollutant gases and then stored
based on the current measured when 17 kV were in air at either room temperature or heated to 1008C
applied. UVCat1 and Modified UVCat2 were run were compared to determine the thermal reversibility
with a constant voltage of 17 kV. A Hg lamp was of the process for H S and NO . As shown in Table2 2

used for all analyses, with the appropriate wave- 3, there is a near complete removal of the NO2

length selected using filters on the lamp and detector. during heating, whereas there is very little loss in
Other parameters are shown in Table 2. H S (detected as sulfate). This difference most likely2

Table 2
Instrument parameters

Electrolyte Current (mA) Time constant (s) Power supply Run time (min) Detection wavelength (nm)

Chromate 25 0.1 Negative 6 254
Phosphate 50 0.3 Negative 6 185

aUVCat1 |5 0.3 Positive 12 185
aModified UVCat2 |10 0.3 Positive 8 185

aAt a constant voltage of 17 kV.
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Fig. 1. Electropherograms of solutions removed from surfaces of SAP (a) as-received, (b) exposed to dry (,10% RH) air with an increasing
NO concentration (371 mg/ l h) for 192 h at 308C. Chromate working electrolyte used for analysis.2

Fig. 2. Capacity results for NO adsorption onto SAP at low humidity at 308C. The 1:1 line indicates the results expected under conditions2

for which the SAP capacity exceeds the amount of pollutant permeated. Capacity-limited behavior was observed for both high and low
2relative humidities. Nominal area of SAP was 25.8 cm .
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Table 3
Amount of pollutant adsorbed after exposure of SAPs to permeation tubes of different pollutant gases for 48 h and then exposure to air at
either room temperature or 1008C for 48 h before extraction

2Gas /desorption condition Amount of pollutant adsorbed (mmol/cm )

NO /ambient temperature 102

NO /heated 0.52

H S/ambient temperature 22

H S/heated 1.82

results from the irreversible oxidation of H S to of gases onto the papers at ambient temperature that2

sulfate upon adsorption to the SAP. The NO either is then released during exposure to higher tempera-2

does not react until the soak solution is applied or the tures.
reaction is more reversible.

These results have important impact on the utility 3.2. Corrosion conditions inside coating blisters
of the SAP in corrosion prevention. For some gases
(like H S), temperature variations in the environ- Exposure of the coated samples to the salt solu-2

ment will not cause the papers to release the tions led to the development of small blisters (1–7
accumulated pollutants. Other gases (like NO ) mm diameter) within 2 weeks. Fig. 3 demonstrates2

could be released when exposed to a thermal fluctua- that there is sufficient sensitivity with CE to analyze
tion. Such a situation would allow an accumulation solutions from very small blisters (1.5 mm, 100 nl).

31Fig. 3. Electropherogram from 2-mm diameter red blister on vinyl-coated AA2024-T3 after 13 days exposure to 0.6 M NaCl. Al and
21 1 21Mg were dissolved from the alloy, whereas the Na was from the ingress of the bulk electrolyte. The source of the Ca was most likely

leachant from the organic coating. Modified UVCat2 electrolyte used for analysis.
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The anions found originated in the bulk solution or and will tend to control the pH, although the
from degradation of the coating itself as a result of presence of other species may also have an impact.
the corrosion process. The cations originated from Clear blisters have also been observed in which

1the bulk solution (K ) and from the dissolution of very little corrosion occurs, but a delamination of the
31 21 21 21the alloy substrate (Al , Mg , Cu and Zn ). coating from the substrate is detectable. These

Calculations based on the concentrations observed blisters have very low concentrations of ions and a
and the known dilutions used showed that a mini- mildly alkaline pH. These blisters are likely the
mum blister size of 500 mm diameter could have its location of the cathodic reactions that support the
solutions analyzed with CE. These calculations dem- actively growing blisters. Both of the common
onstrate that increased sensitivity of the analysis cathodic reactions in aqueous corrosion (oxygen and
method is not needed as much as an increase in the water reduction) lead to an increase in the local pH.
ability to find and consistently sample from blisters The observation of organic acids in some blisters
of this size. Typically blisters spend only a short corresponds to attack of organic coating itself by
time in that size regime. solution formed in blisters. These results are poten-

The blister chemistry found has been correlated to tially of great importance in determining the contri-
the intensity of the corrosion activity and the visual butions of various mechanisms by which blisters in
appearance of the blister. Actively growing blisters organic coatings on metals grow. If the interface
appeared red under optical microscopy and contained between the coating and the metal is susceptible to
substantial concentrations of both anions and cations attack on the coating side, then organic acids will be
(see Table 4). In addition, the pH of the occluded produced. Undercutting of the coating by dissolution
solutions in such blisters has been shown to be in the of the metal can also occur. Determination of the
3–4 range with the use of microelectrodes. Such relative contributions of these paths will be part of
conditions have been observed in other cases of Al future work in this area in order to provide in-
alloy corrosion in which the corrosion site has formation for the design of better protective coating
limited mass transport communication with the bulk systems.
solution. The pH observed is controlled by the The CE analyses in this work are critical not only
hydrolysis of aluminum ions [13,14]. for better understanding the mechanisms controlling

In some cases, active blisters will cease to grow the formation and growth of coating system defects,
and turn black in appearance. These blisters contain but also for the development of life-prediction
much lower concentrations of all ions and a near models for coatings. Such models require chemical
neutral pH. The minimum solubility of Al(OH) and electrochemical boundary conditions. The CE3

occurs at pH 5.2. Thus, if the acidic conditions analyses can provide the chemical boundary con-
necessary for active dissolution cannot be main- ditions. In addition, bulk analogues of the occluded
tained, then the precipitation of hydroxide will occur solutions can be made and the chemical and electro-

Table 4
CE results for the pinhole samples in 0.1 M KCl

31 21 21 21 1 2Color Solution Al Mg Mn Cu K Cl Formate Acetate
sampled (mg/ l) (mg/ l) (mg/ l) (mg/ l) (mg/ l) (mg/ l) (mg/ l) (mg/ l)
(nl)

Clear 600 DL DL DL DL 5844 176 DL QL
Clear 1800 DL DL DL DL 5881 487 DL 800
Red 5900 2034 167 76 668 1464 16 465 DL DL
Red 10 700 851 206 69 32 2318 12 534 710 338
Black 400 DL 10 QL QL 268 157 DL DL
Black 400 DL DL DL DL 3833 1587 DL DL

DL, below minimum detection limit; QL, below minimum quantification limit.
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chemical behavior of the substrate and organic by Zhao et al. in 0.1 M NaCl [5]. With similar
coating can be determined. These are also focuses of surface area to volume ratios, they observed leaching
future work. rates decrease from 2 mg/ l h for 20 min aging to

0.38 mg/ l h for 10 day-old coatings. Our results
243.3. Chromate leaching from chromate conversion indicate a rate of 10 mg/ l h. Taken together, these

coatings results indicate the presence of a mechanism that
allows retention of the chromate in an insoluble form

Fig. 4 shows a progression of electropherograms under non-corrosive conditions (high purity water),
collected from aliquots removed during the leaching but then allows its release upon exposure to more
tests. The increase in the chromate signal is clear corrosive conditions (0.1 M NaCl). The high sen-
over the 1548 h. An increase in the chloride signal is sitivity of CE allowed the measurement of the very
also observed. The water used was checked, as was a slow leaching of chromate in distilled water.
blank, indicating that the source of the chloride was
the CCC. Small peaks due to formate and acetate 3.4. Corrosion chemistry inside aircraft lap joints
were also observed, but these did not change with
time and were likely due to contamination from the Corrosion chemistries of lap joint solutions were
container. Fig. 5 shows the time course of the total found to be exceedingly complex with up to 22
amount of chromate leached from both a laboratory- different ionic species detected [15]. Fig. 6 shows an
prepared CCC and a commercially-prepared CCC. electropherogram from a chromate analysis of a lap
The two preparations show very similar leaching joint corrosion product showing an example of the
rates. These rates are far lower than those observed wide variety of anions detected. Identification of

Fig. 4. Time series of electropherograms from leaching of chromate from chromate conversion coated AA2024-T3 in high purity water.
Organic acids were most likely from contamination of cell, whereas the chromate and chloride appear to be from the conversion coating.
Phosphate electrolyte used for analysis (ppm stands for mg/ l).
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Fig. 5. Amount of chromate leached from two chromate conversion coated samples over long times, showing quantitatively similar behavior
for (d) commercially prepared and (s) laboratory-prepared coatings.

each species was accomplished by spiking. The most phate, acetate, chloroacetate, propionate, formate,
commonly found anions were chloride, sulfate, ni- lactate, butyrate, calcium, manganese, zinc, stron-
trate and bicarbonate. Aluminum, potassium, sodium tium and copper.
and magnesium were commonly found cations. Electrochemical testing showed that very few of
Commonly found ions were defined as those present the ionic species detected had a statistically signifi-
in at least 75% of the 60 sample solutions studied cant effect on measured corrosion parameters [15].
which were extracted from eight aircraft. Also The anions shown to have a statistically significant
detected less frequently were nitrite, fluoride, phos- effect on the corrosion behavior of AA2024-T3 are

Fig. 6. Electropherogram of extraction solution from corrosion products formed in occluded region of an aircraft fuselage. Chromate
electrolyte was used for analysis.
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Table 5 ionic composition of occluded solutions of impor-
Maximum concentrations of ions and the frequency with which tance in corrosion and its prevention was critical.
they were found in reconstituted lap splice joint solutions from in

Sample extraction required the consideration ofservice aircraft
maintenance of the chemistry of the solution. The

Ion mg/ l mM Frequency (%) flexibility of CE allowed these solutions of small
Chloride 687.4 19.363 75 volume to be fully analyzed for their composition
Nitrate 190.5 4.141 63 which allowed insights into the mechanisms control-
Nitrate 100.8 1.626 95

ling corrosion to be better elucidated.Sulfate 208.8 2.131 86
Hydrogen bicarbonate 399.4 6.548 83
Formate 530.2 11.782 46
Acetate 124.1 2.103 78
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