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ABSTRACT

This paper presents techniques for the extraction and analysis of crevice fluid microsamples. Crevice
regions can typically generate conditions conducive to corrosion. Specific spot locations within the
crevice are extracted and analyzed. These spot locations can be selected to coincide with corrosion
sites. The resulting data can provide a detailed picture of the chemist~ in the crevice region and lead
to a better understanding of corrosion processes. Chemistty measurements of the fluid/deposits in the
crevice permit a good fundamental basis for corrosion modeling and prediction and, ultimately, for
corrosion management. The extraction technique is performed by freezing the specimen to lock the
crevice fluid in place. While the specimen is maintained in a freezing environment, selective spot
locations on the specimen sutiace are thawed and the fluid extracted using a microsyringe. The
specific methods used for the extraction process and for the handling and analysis of the extracted
microsamples are detailed. The test method that was used to provide the crevice environment is
briefly described. The test method uses a high temperature autoclave and coupon pair specimens with
controlled tight (e.g., 0.001”) crevice gaps. The microsample extraction technique was used to develop
chemistry profiles as a function of depth into the crevice region. Results are presented from ambient
temperature benchtop proof-of-principle testing with the spot microsample extraction technique and
from the high temperature test method. Chemistry profiles from the coupon pair specimens in the high
temperature corrosion test are presented that show the impact of a bulkwater chemistry change on the
crevice chemist~ behavior.
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Techniques for Spot Microsamdina and Analvsis of Corrosion Site Fluid

L Introduction

Understanding and modeling corrosion processes requires a thorough knowledge of the
chemistry conditions that exist at the corroding material surface. Because corrosion frequently
occurs in occluded regions (e.g., crevices), the chemistty conditions at the corrosion site may
be significantly different than those in the bulkwater. This is particularly likely in two-phase
systems where concentration of non-volatile chemical species can occur. Because the
chemioal solution forming at the corrosion site is ve~ difficult to reach and frequently of
extremely limited volume (<1 microliter), the local solution chemistry is generally calculated or
inferred using a combination of first principle considerations, changes in buikwater chemistry,
assumptions about the reactions and 100al chemistry behavior, and post-test corrosion
depositifilm analyses. Measurements of the chemistty profile in a corrosion region would be
exceedingly useful for verifying assumptions and corrosion models. However, those
measurements are almost never available.

This paper describes a technique for extracting corrosion site fluid from spot locations on a
specimen surface to provide a profile of the local chemistry. The handling and analysis
methods used to characterize the fluid are also discussed.

IL General Test Method

Collecting microsamples from specific spot locations within a crevice region presents significant
problems to the analytical chemist. Microsampie lines can be placed into the region but the
zones from which the microsamples are drawn may be pooriy defined and each withdrawal
draws bulkwater into the crevice which affects the crevice chemistry. Removal and opening of
the simulated crevice at test completion can be performed, but the crevice fluid maybe
severely disturbed and mixed by the opening process, resulting in erroneous crevice chemistry
profiles.

The general test method used for this work was to immerse coupon pair specimens with
controlled, tight, simulated crevice gaps (e.g., 0.001”) into the chemistry solution of interest.
The solutions were then heated and maintained at the desired temperature for a given test
period. After the exposure period, the coupon pair specimens were removed and frozen, and
then spot microsample extraction and analysis performed to provide profiles of the chemistty
with depth into the crevice region. For the work described herein, proof-of-principle testing was
performed at ambient temperature followed by testing at high temperature (<600 “F) and
saturation pressure. Various coupon pair specimen designs with controlled crevice gaps were
tested; however, the extraction technique has been applied to a more conventional compact
tension specimen as well.
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Ill. Test Specimen Desian

Several coupon pair test specimens have
been prepared and tested. Figurel
shows a coupon pair used in the proof-of-
principle ambient temperature test and
Figure 2 shows a coupon pair used in the
high temperature testing.

The crevice gap was set at 0.0015“ for
the Figure 1 specimen using Teflon tape
between the coupons at each bolt hole.
The crevice gap was set at 0.001” for the
Figure 2 specimen by using machined
flats at each bolt hole.

Teflon is not used in the crevice in the
high temperature tests due to concerns for
deformation and loss of control of the gap
dimension and also due to concerns for
Teflon degradation at high temperature and
contamination of the crevice chemistty.

Iv. Test Arrancaement and Test Techniaue

Provided below is a brief description of the
testing setup for this work.

A. Proof-of-Princi~ie Testinq

For the proof-of-principle ambient
temperature testing, the coupon pairs
were suspended in a container filled
with the test chemistry (Figure 3). The
solution was deaerated by nitrogen
sparging and then a slight overpressure
(3 psig) of nitrogen was applied to the
container to force the chemistry into the
gap between the coupons in the
coupon pairs.

—
FIGURE 1

PROOF-OF+RINCIPLS TEST SPECIMEN CONFIGURATION

Camew sd usng a feekrgage
by b@img Mm dom cmTellm EW

Em!@
Hiqh Tem~rature Test

Stwcimen Confkwration

~ 4“ -—l

+)t==i?(sid// ‘/,
Bolts (6)

fikhlned Flats (6)

\ /

‘w.
\

q
(Overhead

/ View)

-2-



B.

“B-T-3206

At ambient temperature, no significant I
reactions were expected in the crevice
region with the test chemist~.
Therefore, the crevice chemistry at any
point in the crevice should be the same
as that in the bulkwater. The objective
of the proof-of-principle testing was to
confirm that spot microsamples could be
extracted and that they were
representative of the chemistry in the
bulkwater.

Hi~h Tem~erature Testinq

For this work, the facility consisted of a
high temperature/high pressure
autoclave operating in a flowing,

FIGURE 3
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recirculating mode~with a condenser, I

makeup tank, and feed system. This setup allowed single phase operation of the autoclave
or two phase steaming operation. Figure 4 shows the test setup. The heat source for the
autoclave was electrical heaters but could be another method, depending on the desired
simulation. The feedwater to the autoclave was preheated to reduce thermal gradients in
the autoclave.

Various thermocouples, water level controls, and electrodes were placed into the autoclave
solution for comparison with the crevice data obtained during the test. After performing a
specific operational sequence with the chemistries of interest, the test was cooled and
drained. The specimens were removed from the autoclave and spot microsample
extraction and analysis performed to characterize the crevice chemistry profile.

V. S~ot microsamtde extraction Technicme

After removal from test, the coupon pairs were immediately placed in argon filled poly-bags and
frozen. Because the coupon pair crevices are so tight, the fluid remains in the crevice.
Freezing the specimen “locks” the crevice chemist~ in place. The frozen coupon pairs were
maintained at about -30 “C (-22 “F) under an argon sparge (to minimize the impact of air) in a
small chest freezeri for all subsequent work.

Each coupon pair, in turn, was removed from the argon filled poly-bags and unbolted and both
of the coupons situated horizontally with the internal crevice surfaces facing up. Next, a visual
inspection was made of the crevice surfaces, and one coupon was selected for extraction. The
other coupon was re-bagged and saved as a historical sample. Then the spots on the selected

1 Dry-ice was used for freezing the specimens in the proof-of-principle work. Due to concerns for
carbon dioxide contamination, the chest freezer has been used for all subsequent testing.
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FIGURE 4
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coupon surface were defined at which chemistry concentration information was desired
(Figure 5). On the high temperature test specimens, four spots in a straight line were selected
on the coupon surface, from near the outer edge (approximately 1/8” from the outside edge of
the crevice) to the center of the coupon (2” from the outside edge). The four spots were about
equally spaced from one another resulting in spots with their centers at about 0.1 3“, 0.75”,
1.38”, and 2.0” from the outside edge of the coupon.
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The following technique was used to
extract the microsample at each spot.
A 50 pL drop of deaerated, ultrapure,
deionized water was placed on each
spot of interest using a 100 microliter
(pL) microsyringe (Figure 6). The
coupon was frozen and maintained
significantly below the freezing point to
ensure that the 50 UL dro~ froze almost
instantly, before it could wet the
specimen surface and spread. It is
important that the temperature in the
freezer be maintained sufficiently low
throughout the extraction process to
ensure significant surface wetting does
not occur. Next, a stainless steel rod of
about 1/16” diameter was gently heated
(s 150 ‘F) and touched to the water

FIGURE 5
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drop at the surface of the coupon to melt the drop, allowing it to diffuse into the spot area just
beneath the rod. Too much heat in the rod can result in boiling of the drop and loss of the
water and might also cause undesirable changes in the chemist~. The frozen condition of the
coupon and the low temperature in the freezer prevent the drop from spreading throughout the
surface. Rather, the drop melts only at the rod“and dissolves the chernistty at ~he spot of
interest and then auicklv refreezes. The
heating was repea~ed u;til the entire
drop was melted to the surface. To

FIGURE 6

extract the microsample, the heated rod
MICROSAMPLE EXTRACTION PROCESS

was again touched to the frozen 100UL Mkrosy?inge

microsample spot, melting the area, and
the 100 pL microsyringe was used to
immediately withdraw the melted
solution. The microsample removed in
this fashion was diluted to 2500 pL total
volume with deaerated, ultrapure, &“-L:z”n”

deionized water and then analyzed as
described in Section V1.

I
‘+ Mlcr.asample MatlnJect Emacted M4crosampb _

Into km Chromatography

The actual volume extracted from the
b

surface is a function of the spot size and
the crevice gap. For a 1/4” spot size
and a O.OO1;crevice gap, the fluid volume is about 800 nanoliters (nL). If complete extraction
of this volume is achieved with the 50 pL of water the dilution factor is 62.5. For this work, high
concentration solutions (-1 to 5 weight percent) were being studied and additional dilution was
required. The spot size and droplet volume for the extraction were selected on the basis of the
expected solution concentration.

1 Ultrapure deionized water has a resistivity of z 18 megohm-cm.
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VI. Microsamde Analvsis

Figure 7 is a schematic of the microsample handling and analysis plan. The microsamples
were analyzed for pH, anions, cations, and transition metals. An Orion 981 OBN pH
microelectrode was used to measure the pH of the microsamples. Note that the pH analysis
was performed as soon as possible after collecting and diluting the microsamples to minimize
absorption of carbon dioxide and r
biasing of the pH results. Nonetheless,
the pH data from the microsamples
appear to have been biased by carbon
dioxide as discussed later. Ion
chromatography was used to determine
anions, cations, and transition metals
by the methods detailed in Tables 1,2,
and 3, respectively. All of the ion
chromatography analyses were
performed by direct injection of a
portion of the microsample. The
portion of the microsample that was
analyzed for transition metals was
acidified by adding 1 volume percent of
concentrated Baker Ultrex II nitric acid
to dissolve any metals that may have
precipitated and to free any metals that
may have complexed.

FIGURE 7
Microsample Anaivsis Flowchart
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w. Results

The baseline chemistries used in both the proof-of-principle and high temperature testing were
the same and consisted of sodium salts of stable, non-volatile anions. The results from the
proof-of-principle and high temperature testing are discussed below.

A. Proof-of-Princide Testinq

In the benchtop proof-of-principle testing the coupon pairs were removed after a % hour
exposure and frozen in a dry ice environment. The coupons were then opened while in a
frozen condition and five spots selected on the opened coupon surfaces. On the first spot,
an attempt was made to extract the microsample by absorbing it into a filter paper strip
rather than using a microsyringe. The filter paper proved cumbersome and dif%cultto work
with and the results with this method were unsatisfactory. In addition, the filter paper was a
potential source of contamination. For all subsequent work, the microsyringe was used to
extract the microsamples. Two other problems were encountered during the proof-of-
principle testing. On the first two spots, the temperature of the heating rod used to melt the
drop was not controlled well enough and resulted in boiling of the fluid. Second, the use of
dry ice resulted in carbon dioxide dissolution into the microsample and corresponding
reductions in pH.

The microsample extraction technique as detailed above was used on the third, fourth, and
fifth spots. The as-measured concentrations from the extracted microsample from Spot 3
were lower by about a factor of fifteen than from Spots 4 and 5. This was a result of poor
technique in melting the drop and diffusing it into the crevice fluid. For Spots 4 and 5, the
technique was optimized and much more crevice fluid was extracted.

-6-
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Because spot size is difficult to control and the actual quantity of crevice fluid removed may
vaty from spot to spot, a direct comparison of as-measured concentrations can be
misleading. For this work, the concentrations were normalized to a control anion that was
believed to be stable in the system. Due to carbon dioxide effects, the pH of the test
solution was not tracked.

The normalized analysis results for sodium from the proof-of-principle test for Spots 4
and 5, which were collected by the optimized microsampie extraction technique, and for the
bulkwater solution are shown in
Table 4. The normalized sodium
data are plotted in Figure 8. Good
agreement was observed between
the normalized microsample and
bulkwater solution analysis results.
The proof-of-principle test results
demonstrated that the microsample
extraction technique was capable of
removing measurable and
representative microsamples from
the specimen surface. The
technique developed in this work
was then applied to the specimens
from the high temperature testing.

Hiah Tem~erature Testinq

Spot ~crosample Extraction Technique--P roof-of-Principle Test

. ‘~

spot 4 spot5 Bulkwter

The hicihtemperature testing was ~erformed in two phases. The first Phase lasted about

one w~ek and tested a bas=line chemistry. The second phase lasted”about two weeks and
tested the same baseline chemist~ followed by a modification to make the bulkwater
environment more oxidizing to determine the effect of a chemistry change on the local
crevice environment. The test was shutdown between Phases I and II to allow the removal
of a coupon pair specimen and the insertion of a new coupon pair specimen. All of the
specimens were removed at test completion. Spot microsample extraction was performed
on the uninstrumented pairs to develop profiles of the chemist~ in the crevice regions.
Presented below for comparison are analysis results from the coupon pair specimen that
was present during Phase I and the coupon pair specimen that was present during Phase Il.

Microsamples were successfully collected at the desired spot locations. Sufficient crevice
fluid was collected to provide quantitative analysis results for all of the species of interest.
For example, as-measured sodium concentrations in the diluted microsampies were in the
2 to 10 ppm range. The concentrations of the species discussed herein were all within the
range of the ion chromatography methods used and calibrations were tailored to the as-
measured levels detected. The measured pH values were lower than expected even with
the precautions taken to preclude carbon dioxide pickup. Additional controls may be
required to prevent some biasing of pH during the handling process.

-7-
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Figures 9 and 10 show the
normalized sodium concentration with
depth into the crevice for Phases I
and II. The introduction of a more
oxidizing bulkwater environment in
Phase II had a significant impact on
the crevice chemist~. In baseline
chemistry, weak increasing sodium
trends were observed with depth into
the crevice. During Phase 11,a higher
sodium concentration was present in
the buikwater and a strong
decreasing sodium concentration was
observed with depth in the crevice.

Figures 11 and 12 show the
normalized data for the major metal
species (iron (Ill), iron (11),and nickel).
Note that no attempt was made to
filter the microsamples so that
corrosion products are also analyzed
if present in the microsample. As a
result, the as-measured transition
metals can exceed expected volubility
limits. This approach gives an
indication of the total metals in the
microsample volume. Examination of
the transition metals data reveals
changes in the transition metals
profiles after the oxidizing bulkwater
environment was introduced. The
most obvious change is an increase
in metals concentrations. This is
most likely due to film and deposit
disruption from the chemistry change
resulting in high local metals
concentrations in the crevice. A
change in the oxidation state of the
iron was also observed. There was
more iron (11)present after the
chemistry change and more iron (Ill)
present before the change. The
presence of more reduced iron
appears to be in conflict with the
introduction of an oxidizing
environment. However, it may reflect
the composition of the films and
deposits that had been produced in
the baseline chemistry, that were
disrupted by the chemist~ change.

I FIGURE 9

Soot Micr02amDle Wractlon Technkrue+tlqh Temperature Tesl I

20 ,

Spot Microsample Edraetlon Technique-High Temperature Tes4

20

~
. Test Chemistry--Phase II
3: 15

g

.: 10
:
:

2
0

0.+3 0.75 1.38 2.00
Depth ml. Crewce (inches]

Spot Mlcrosample EW’mtlon Technlque+tlgh Temperature Test

+
Baseline Chemistry-Phase I

~ 1500

0.13 0.75 <.38 2.00
Depth i“t. Crevice (ixhes)

E
m k.” (Ill)

W Iron(11]

M tJckel

Spot Mlcrosimple =tmctlon Technique-tllgh Temperature Test

I Test Chemistry--Phase II
— 25 I

0.13 0,75 1.28 2.00
Depth into Crevice @ches)

- Iron (Ill)

~ Iron (11)

9 Mckel

-8-



B-T-3206

VIII. Conclusion

Techniques were developed that permit the extraction and analysis of corrosion site fluid from
specific spot locations. The techniques were applied to specimens removed from a high
temperature test, and changes in crevice chemistty that resulted from modifying the bulkwater
chemistry were detected and measured.
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Ion Chromatography System Dionex DX-500

“GuardColumn lonPac AG4A-SC (2 mm)

SeDarator Column I lonPac AS4A-SC (2 mm)

Sumressor Column I ASRS-11 (2 mm)

Loading Loop Size 100 pL
I

Eluent 1.7 mM Sodium Bicarbonate
1.8 mM Sodium Carbonate

Eluent Flow Rate I 0.5 mL/minute

Regenerant I Conductivity Detector Cell Effluent

~Regenerant Flow Rate 0.5 mUminute

Detector I Conductivity (CD20)
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Ion Chromatography System Dionex DX-500
1 I

IIGuard Column I lonPac CG3 (Special Order2 mm Version) II

IISeparator Column I lonPac CS3 (Special Order 2 mm Version) II

IISuppressor Column ] CSRS41 (2 mm) II .
Loading Loop Size I 100pL

1 I
Eluent I 30 mM Methanesulfonic Acid (MSA)

I

Eluent Flow Rate 0.25 mL/minute I
Regenerant Conductivity Detector Ceil Effluent

1 I
Regenerant Flow Rate 0.25 mUminute

1 I
I Detector I Conductivity (CD20) I
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1]Ion Chromatography System

IIGuard Column

II Separator Column

Suppressor Column

II Loading Loop Size

L
Eluent Flow Rate

Color Reagent

Color Reagent Flow Rate

B-T-3206

I Dionex DX-500

lonPac CG5A (Special Order 2 mm Version)

lonPac CS5A (Special Order 2 mm Version)

Not Required

100 pL

1.4 mM Pyridine-2,6-dicarboxylic Acid (PDCA)
13.2 mM Potassium Hydroxide
1.1 mM Potassium Sulfate
14.8 mM Formic Acid

0.3 mUminute II
1 M Dimethylaminoethanol (DMAE)
0.5 M Ammonium Hydroxide
0.3 M Sodium Bicarbonate
0.28 mM 4-(2-pyridylazo) resorcinoI

0.15 mUminute II
Regenerant Not Required

Regenerant Flow Rate Not Required

~Detector I Visible (VDM-2) I
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II Location Sodium (weight Percent)
1 I

II spot 4 I 4.19 II

II spot 5 4.27
I I

II Bulkwater I 4.22

-13-

:*..


