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1.  SUMMARY

Seawater corrosion of aluminum alloys can adversely impact the lifetime and
performance of aluminum Ocean Thermal Energy Conversion (OTEC) heat exchangers. Since
uniform corrosion rates for the aluminum alloys being considered for use in OTEC heat
exchangers are low, the primary corrosion mechanisms of concern are surface pitting and crevice
corrosion at gasket interfaces. Makai Ocean Engineering has developed a system to observe pit
growth in-situ using optical imaging and ultrasonic thickness measurements which allows
corrosion development to be monitored over time without the removal and destruction of
samples. Makai is also testing treatments that may prevent or mitigate pitting corrosion. Three
treatments (warm seawater pre-treatment, acid treatment, and hypochlorite treatment) are being
tested on three aluminum alloys (Al 1100-H112, Al 3003-H14, and Al 5086-H116) in flowing (1
m/s) and near-stagnant cold, deep seawater (6 samples total) provided by the National Energy
Laboratory of Hawaii Authority in Kailua-Kona, Hawaii.

Pits have been identified on four samples — Al 5086 control in flowing seawater (after
477 days), Al 3003 control in near stagnant seawater (after 306 days), and Al 3003 warm
seawater pre-treatment in both flowing (after 241 days in cold seawater) and near stagnant
seawater (after 199 days in cold seawater).

There are only seven samples that do not have crevice corrosion: Al 1100 and Al 3003
warm seawater pre-treatment samples in flowing seawater, Al 5086 warm seawater pre-treatment
sample in near stagnant seawater, and Al 3003 and Al 5086 hypo-chlorination samples in
flowing and near stagnant seawater.

Hypochlorite treatment has been the most effective and preventing pitting and/or crevice
corrosion in Al 3003 and Al 5086. Warm seawater pre-treatment samples also show improved
performance over the control and acid treatment samples but both Al 3003 warm seawater pre-
treatment samples have pits (but no crevice corrosion). Only the Al 1100 with warm seawater
pre-treatment in flowing seawater does not have localized corrosion; Al 1100 was not expected
to perform well in cold seawater but was included in this test to evaluate treatment efficacy.

All samples with OCPs in the pitting region also have localized corrosion, indicating that
OCP is at least a good indicator of the presence of local corrosion. We discuss the implications
of aluminum corrosion and preventative treatments on OTEC heat exchangers.



2. INTRODUCTION

Aluminum alloys have been proposed for use in Ocean Thermal Energy Conversion
(OTEC) heat exchangers for their high thermal conductivity, comparatively low cost, and overall
good general corrosion resistance (due to formation of a protective oxide layer) in seawater
environments. Although uniform corrosion rates for aluminum alloys are low, aluminum alloys
are susceptible to surface pitting and crevice corrosion at gasket interfaces which can initiate
when local galvanic cells develop between alloying elements and deposit corrosion product on
the surface of the metal. Corrosion product can encase the immediate area and change the local
environment which acts to accelerate the corrosion process. It is important to quantify this
phenomenon because, in time, pits or crevice corrosion can penetrate the wall of the heat
exchanger and cause refrigerant to leak into the seawater. For heat exchangers, this is considered
a catastrophic failure and must be avoided.

Makai Ocean Engineering has been studying and quantifying the development of
corrosion on aluminum alloys being considered for OTEC heat exchangers. Makai has
developed a setup in which pit growth can be observed in-situ by optical imaging and ultrasonic
scanning. Pitting sites are identified and corrosion product accumulation on the metal surface is
observed using imagery. However, once corrosion product encapsulates a pit, no accurate
measurements of pit size or depth can be made with imaging alone. With the addition of
ultrasonic thickness scanning, the surface underneath the corrosion product can be observed and
the 3-dimensional structure of the pit can be measured. Pit development can now be monitored
over time without removal or destruction of samples.

Makai tested three alloys (Al 1100-H112, Al 3003-H114 and Al 5086-H116) and three
corrosion mitigation techniques (warm seawater pre-treatment, hypo-chlorination and exposure
to a diluted sulfamic acid) in flowing (1 m/s) and near stagnant cold seawater for a total of 18
samples. Six control samples, one of each alloy in flowing and near stagnant cold seawater,
were also tested.



3. INSTRUMENTATION

The testing apparatus consists of four components: multi-column imaging racks used to
expose the samples to seawater flow and take daily images; ultrasonic thickness scanning
equipment; open circuit potential measurement equipment; and a laser profilometer to measure a
sample’s surface features before and after being exposed to seawater.

3.1. MULTI-COLUMN IMAGING RACKS

Makai Ocean Engineering’s Multi-Column Imaging Racks (MCIR, Figure 3-1) have been
in operation for over 4 years and have provided valuable insight into the development of
corrosion. Each MCIR has 16 columns. Three ultrasonic samples (one of each alloy) can be
mounted in a single column. High-resolution images (27um size pixels) are collected on a daily
basis. Specified regions of interest (ROI) can be photographed at higher resolution (0.4 um per
pixel).

Figure 3-1. Left - Makai Ocean Engineering’s corrosion imaging system. Right — several
coupons of different alloys mounted in the imaging racks.



3.2.  ULTRASONIC SCANNER

An ultrasonic scanner manufactured by NDT Systems which integrates a Raptor©
Imaging Flaw Detector with a %" diameter 15 MHz ultrasonic transducer will be used in this
study. Ultrasonic thickness measurements are performed by sending a high frequency sound
pulse from the transducer placed on the back of a sample and measuring the time it takes for the
sound reflection to return to the transducer. A fresh water source is provided to the face of the
transducer as a sonic couplant and also functions as a lubricant. Thickness measurements across
the sample are obtained with an NDT System’s Tunnelscan© motorized X-Y stage with a 12” x
18” scan area. An X-Y stage allows a 3-dimensional surface to be created from individual
thickness measurements. Mounting this stage to the back of the imaging racks permitted monitoring
of several corrosion coupons at once (Figure 3-2).

Figure 3-2. Left - Scanning stage mounted to the back side of the imaging racks. Right -
Ultrasonic transducer in contact with a sample.

3.3. LASER PROFILOMETER

A CCS Prima® manufactured by Nanovea and a custom built motorized X-Y stage is
used to create three-dimensional profiles of a sample surface. The laser profilometer uses
chromatic confocal measurements to determine the distance to a surface from the laser head. The
laser profiles can be obtained prior to seawater exposure and after the sample is removed from



seawater and corrosion product cleaned from its surface. The profilometer has high lateral and
depth resolution, 8 um and 1 um respectively.

Figure 3-3. The laser profilometer scans the surface of a sample to measure corrosion depths.
3.4. ELECTROCHEMISTRY

Open circuit potential (OCP) is measured between a reference electrode and the sample.
OCPs will be measured at least weekly (more frequently if warranted by sample performance)
using a Fluke Multimeter. Changes in OCP may be indicative of localized corrosion and can be
correlated with daily images and ultrasonic scans.

3.5. COMPARISON OF MEASUREMENT TECHNIQUES

There are advantages and disadvantages to each of three different measurement
techniques (Table 3-1). The major drawback of the ultrasonic measurements is the large beam
size of the transducer (13mm) makes pits look larger. Figure 3-4 compares ultrasonic and laser
profilometer measurements of a pre-drilled flat-bottomed reference hole. Despite the difference
in measured feature size, both techniques yield a consistent depth for the pre-drilled hole.
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Figure 3-4. Comparison of a 0.76 mm diameter reference-hole profile measured ultrasonically
(red) and with the laser profilometer (blue).

Ultrasonic measurements are ideal for in-situ measurements of heat exchanger wall
penetration due to corrosion. This method can be implemented on an OTEC plant without
disturbing operation. The maximum pit depth observed by the scanning will be instrumental in
estimating lifetimes of OTEC heat exchangers.

The higher resolution laser profilometry helps us understand the mechanisms at work in
the corrosion process. However, laser profilometry cannot be performed on heat exchangers
without component removal.

Although imaging is non-destructive it is not easily implemented because it requires
windows to view the interior surfaces of the heat exchanger or highly specialized imaging
systems. Imaging is useful from an experimental point of view, correlations can be drawn
between surface behavior and pit depth. Studying the build-up of corrosion product over time or
as a function of pit depth allows us to estimate the loss of heat exchanger efficiency due to
fouling by corrosion product.



Table 3-1. Comparison of measurement techniques.

Measurement Tvpe Lateral Depth Can be implemented in an
yp Resolution Resolution operating OTEC plant?
Ultrasonic Non-
. . 3 mm
Scanning destructive 40 pm ves
Laser .
. Destructiv m 1
Profilometry estructive Su Hm No
Imagin Non- 27 pum, 0.4 pm none Difficult
ging destructive Hm, 541




4. TEST CONFIGURATION

Testing was conducted in cold, deep sea water (7°C, 670 m) supplied by NELHA to
Makai’s corrosion testing facilities. One sample of each alloy was installed in a single column in
the cold seawater (CSW) MCIR. Eight columns in the CSW MCIR were used for this test.
Imaging and ultrasonic scanning systems were used to observe samples. Table 4-1 summarizes
the test configuration.

Table 4-1. Test configuration.

Column Sample 1Ds Water Flow Treatment |

9 ut5-18, ut3-18, utl-18 Near Stagnant Control
10 uts-1*, ut3-17, utl-17 Flowing Control
4 uts-11, ut3-11, utl-11 Flowing Warm seawater pre-treatment
5 uts-12, ut3-12, utl-12 Near Stagnant Warm seawater pre-treatment
6 ut5-16, ut3-16, utl-16 Near Stagnant Hypo-chlorination
7 ut5-15, ut3-15, utl-15 Flowing Hypo-chlorination
14 ut5-14, ut3-14, utl-14 Near Stagnant Acid Treatment
15 ut5-13, ut3-13, ut1-13 Flowing Acid Treatment

41. ALLOYS

In previous tests, Al 6061 and Al 2024 corroded quickly and severely in cold seawater;
neither alloy is suitable for use in OTEC heat exchangers. Al 3003 and Al 1100 have shown
better performance in cold seawater (results of box coupon testing) and replaced Al 6061 and Al
2024 for this test. Al 5086 performed well in the previous test and was re-tested. Material
certifications were provided for the raw material and can be found in Appendix A.

4.2. CORROSION MITIGATION TREATMENTS

Makai has been studying techniques to mitigate pit development and crevice corrosion.
Preliminary results have been encouraging and the efficacy of three treatments — warm seawater
pre-treatment, daily hypo-chlorination, and exposure to a diluted sulfamic acid based cleaner —
were compared in this test. Treatments are expected to prevent and/or minimize pitting and
crevice corrosion.

4.2.1. Warm Seawater Pre-treatment

In warm seawater, aluminum quickly builds up a uniform oxide layer that protects the
metal against further corrosion. In contrast, this oxide layer does not develop as readily in cold
seawater. The warm seawater pre-treatment protocol was developed on the hypothesis that
corrosion resistance in cold seawater would improve if samples exposed in cold seawater had the
same protective oxide layer as samples in warm seawater. Initially exposing samples in warm



seawater allows the oxide layer to develop and, when performed carefully, the developed oxide
layer remains when samples are relocated to cold seawater. Previous testing established 40 days
in warm seawater is sufficient time to build the oxide layer.

4.2.2. Hypo-chlorination

Biofouling develops on untreated sample surfaces exposed to seawater. Bacterial
colonies have been observed on samples exposed to cold seawater. While the exact mechanism
for pit initiation is unknown, any difference in the local surface environment is likely to
accelerate corrosion; thus, bacterial colonies on a sample’s surface may act as pit initiation sites.
Samples will be exposed to 100 ppb chlorine for 1 hour daily to control the growth of bacterial
colonies. This hypo-chlorination treatment routine is used in warm seawater and has been shown
to eliminate biofouling.

4.2.3. Sulfamic Acid Based Treatment

Previous testing demonstrated a sample’s open circuit potential (OCP) is correlated with
corrosion activity. Samples have shown a marked change in OCP once pitting begins.
Treatment of a sample with a mild acid will strip the oxide layer and possibly remove local
environments that may have developed, essentially ‘resetting’ the surface to the condition it was
in when first exposed to seawater. When treated, a sample’s OCP will return to the pre-corrosion
value and remain there for a period of time before pitting reinitiates (Figure 4-1). The interval
between treatments varies and depends on the alloy being treated. Application of 5% sulfamic
acid for 5 minutes when OCP reaches above -800 mV has been effective at stopping pitting in Al
6063. Acid treatments were performed every 2 months.
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Figure 4-1. Open circuit potential of an AL 6063 sample that underwent periodic chemical
treatments. Pitting starts when the OCP rises above -800 mV, treatments return the sample’s
OCP to the -1000 mV range, where pitting does not develop.



4.3. FLOWING VS NEAR STAGNANT SEAWATER

Each alloy/treatment combination was tested in seawater flowing at a velocity
representative of the actual flow in a heat exchanger (~1 m/s) and near stagnant seawater flow
since regions of dead flow inevitably develop in a heat exchanger. Comparing these two flow
regimes will give us insight into required improvements to the design of heat exchangers.

4.4. SAMPLE PREPARATION

Several issues arose in sample procurement and installation. The samples were received
with a sanded surface finish which was unacceptable for testing. Samples were returned for re-
surfacing and received with tool marks on the surface. Although not ideal, we decided the finish
was acceptable for testing. Samples also did not have countersunk holes as specified in the
drawing. Countersinking was performed on-site by Makai, with care taken to ensure the exposed
surface would not come into contact with metal or other contaminants. Finally, perhaps due to
the re-surfacing, the non-exposed side (the side scanned by the ultrasonic scanner) of some
samples did not lie flush with the mounting plate. A smooth transition is needed for the
transducer to maintain adequate contact and not “catch” on edges. With the samples screwed
into place, a sander was used to remove excess material from the mounting plate and create a
smooth, even transition for the transducer. Some material may have also been removed from the
back of the sample in the process.

Laser profilometer scans of the test surfaces were conducted prior to exposure for each
sample. All corrosion samples were degreased, cleaned with simple green, and rinsed with
ethanol before installation to remove surface contaminants.

Alloys in each column were arranged in the same order from top to bottom: Al 5086, Al
3003, and Al 1100. Warm seawater pre-treatment samples were exposed to warm seawater on
4/22/15 and moved to cold seawater on 6/15/15. Control, hypo-chlorination, and acid treatment
samples were exposed to cold seawater on 5/21/15.



Warm seawater pre-treatment samples were exposed to warm seawater on 4/22/15 and
moved to cold seawater on 6/15/15. Warm seawater pre-treatment samples have been exposed
for 15 months. Control, hypo-chlorination, and acid treatment samples were exposed to cold
seawater on 5/21/15. Control, acid treatment, and hypo-chlorination samples have been exposed
for 14 months. Imaging has been performed daily, electrochemical monitoring has been
performed on a weekly, and ultrasonic scans have been performed monthly.

5.

5.1. OBSERVATIONS

Pitting and crevice corrosion observations are summarized in Table 5-1. Only six

samples have no observed corrosion.

RESULTS

Table 5-1. Summary of observed localized corrosion on samples.

Sample Treatment Seawater Pits? Crevice?
utl-11 | Warm seawater Flowing No No
utl-12 pre-treatment Near-stagnant No Yes
utl-13 . Flowing No Yes
utl-14 Acid treatment Near-stagnant No Yes
utl-15 Hypo- Flowing No Yes
utl-16 chlorination Near-stagnant No Yes
utl-17 Control Flowing No Yes
utl-18 Near-stagnant No Yes
ut3-11 Warm seawater Flowing Yes No
ut3-12 pre-treatment Near-stagnant Yes Yes
ut3-13 . Flowin No Yes
ut3-14 Acid treatment Near-stagrglant No Yes
ut3-15 Hypo- Flowing No No
ut3-16 chlorination Near-stagnant No No
ut3-17 Flowing No Yes
Control
ut3-18 Near-stagnant Yes Yes
uts-11 | Warm seawater Flowing No Yes
uts-12 pre-treatment Near-stagnant No No
uts-13 . Flowing No Yes
uts-14 Acid treatment Near-stagnant No Yes
uts-15 Hypo- Flowing No No
uts-16 chlorination Near-stagnant No No
uts-17 Flowing Yes Yes
Control
uts-18 Near-stagnant No Yes




Pits have been observed on four samples — Al 5086 control in flow seawater (ut5-17), Al
3003 control in near stagnant seawater (ut3-18), and Al 3003 warm seawater pre-treatment in
both flowing (ut3-11) and near stagnant seawater (ut3-12).

The pit on ut3-11 (Figure 5-1) is relatively small and has not been detected on ultrasonic
scans. The pit initially looked similar to biofouling and surface discoloration and was not
identified until recent images. By backtracking through the images, the pit was first
distinguishable in images taken on 2/11/16.

The pit on ut3-12 (Figure 5-2) has been detected on ultrasonic scans. From the most
recent images, the pit appears to be part of crevice corrosion, but backtracking through the
images shows the pit developed first and some of the corrosion product buildup spread towards
the gasket.

On ut3-18, the pit developed rapidly. No pits were identified in the 2/5/16 ultrasonic
scan or image. A small pit first appeared on the 2/20/16 — Day 275 image (Figure 5-3). By the
next scheduled ultrasonic scan on 3/22/16 — Day 306, the maximum pit depth was already -0.5
mm (Figure 5-14 and Appendix B).

On ut5-17, small pits were observed after 477 days via imaging. A pit (circled on Figure
5-4) was detected on the ultrasonic scan at Day 733 (Figure 5-15 and Appendix B). Biofouling
began around Day 537 and became severe after Day 658. Images after 4/18/16 were
indistinguishable due to biofouling coverage.

Crevice corrosion has observed on all except seven samples. Of the samples that
received warm seawater pre-treatment, Al 5086 in near stagnant seawater (ut5-12), Al 1100 and
3003 in flowing seawater (utl-11 and ut3-11, respectively) do not have crevice corrosion. Al
5086 in flowing seawater (ut5-11) has crevice corrosion identified on ultrasonic scans but not
visible on images. Of the samples receiving daily hypo-chlorination treatment, only the Al 1100
samples (in flowing (utl1-15) and near stagnant seawater (ut1-16)) have crevice corrosion. All
samples receiving acid treatment have crevice corrosion. All control samples have crevice
corrosion, although, crevice corrosion did not occur on the Al 5086 until 477 days of total
exposure. The Al 1100 and Al 3003 control samples in flowing seawater developed crevice
corrosion before the Al 5086 sample. Except for Al 1100 in near stagnant seawater receiving
daily hypo-chlorination treatment, samples with crevice corrosion identified in the images also
have crevice corrosion identified in the ultrasonic scans.

The latest images, ultrasonic scans, and overlain images are shown below (Figure 5-5
through Figure 5-12). Time lapse ultrasonic scans of each sample are shown in Appendix B.



7/12/16

Figure 5-1. Pit development on ut3-11. Pit appears to be a biofouling spot initially. Pit has
not been detected on ultrasonic scans.
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Figure 5-2. Pit development on ut3-12. In images after 4/20/16, the pit appears to be related
to crevice corrosion but earlier images confirm that the pit developed first.



Figure 5-3. Pit initiation on ut3-18. Pit was barely detectable at Day 260 but -0.5 mm deep by
Day 276 according to ultrasonic scan.

Start of pit

Day 477 Day 658 \ Day 733

Figure 5-4. Pit development on ut5-17. Pit is small and not detected on ultrasonic scans until
Day 733. Corrosion product buildup becomes noticeable by Day 658. Crevice corrosion and
biofouling also worsen between Day 537 and Day 658.



uts-11 - Day 462

ut3-11 - Day 461

Figure 5-5. Warm seawater pre-treatment samples in flowing seawater. No corrosion
features are observed in images but ut5-11 has crevice corrosion detected by ultrasonic scan.
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Figure 5-6. Warm seawater pre-treatment samples in near stagnant seawater. Crevice
corrosion observed in images and ultrasonic scans on ut3-12 and utl-12. A pit is visible on
ut3-12.
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Figure 5-7. Acid treatment samples in flowing seawater. Crevice corrosion is visible in
images and ultrasonic scans for all samples.
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Figure 5-8. Acid treatment samples in near stagnant seawater. Crevice corrosion is severe
and visible in imaging and ultrasonic scans for all samples.
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Figure 5-9. Hypo-chlorination treatment in flowing seawater. Crevice corrosion is visible in
images and detected on the ultrasonic scan for utl-15. ut3-15 and ut5-15 do not have
observable corrosion features. Surfaces appear new and shiny.
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Figure 5-10. Hypo-chlorination samples in near stagnant seawater. The beginning of crevice
corrosion is visible in images and on the ultrasonic scan for utl-16. ut3-16 and ut5-16 do not
have observable corrosion features.
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Figure 5-11. Control samples in flowing seawater. Sample surfaces and testing column
window is severely biofouled. Crevice corrosion is most severe on ut3-17; the right side of the
gasket is distorted from corrosion product. Three pits were visible on earlier images of ut5-
17, but now obscured by biofilm. Only one pit is detected on ultrasonic scans.
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Figure 5-12. Control samples in flow near stagnant seawater. Crevice corrosion is observed
on images and ultrasonic scans of all samples; corrosion (and biofouling) is most severe on
ut3-18. There is a large pit on in the middle of ut3-18.



5.2.  PITTING MEASUREMENTS

Ultrasonic measurements of pit depth and pitted surface area were used to establish pit
growth and crevice corrosion rates which are crucial in establishing the lifetime of an OTEC heat
exchanger. To separate the effect of crevice corrosion, only data from a 1.5” x 2.75” rectangle at
the center of the sample (68.6% of the total exposed surface area) was used to determine pit
depth and coverage. In these regions, areas with depths greater than 0.05 mm were considered
pits. The maximum pit depth, average pitted depth, and pitted area were tabulated.

The average pitted depth (proportional to the total volume of material removed) was
calculated from the pit-depth and pitted area measurements. Because area measurements
determined by the ultrasonic scans are biased due to the large beam size, the values were
normalized by dividing by the total area and multiplying by a scale factor (determined previously
by comparing ultrasonic and post-processing laser profilometry scans). The % corroded surface
area was calculated by dividing the number of pixels with depths greater than 0.05 mm (pit
threshold) by the number of pixels in the pit analysis area. The corroded volume per unit area
was calculated by multiplying the average depth of the pitted pixels by the number of pitted
pixels divided by the total number of pixels in the pit analysis area.

The maximum pit depths on ut3-12 and ut3-18 are over 0.5 mm deep but do not appear to
be getting deeper whereas the maximum pit depth on ut5-17 continues to get deeper (Figure 5-13
through Figure 5-15). The corroded volume per unit area and % corroded surface area has
plateaued for ut3-18 but continues to increase for ut3-12 and ut5-17 (Figure 5-16).
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Figure 5-13. Maximum and average pitted depth for ut3-12.
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Figure 5-14. Maximum and average pitted depth for ut3-18.
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Figure 5-15. Maximum and average pitted depth for ut5-17.
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Figure 5-16. For comparison only, the total corroded volume per unit area and percent
corroded area. Because the ultrasonic beam is wide, a correction factor was applied to area
measurements. Pitting in ut3-18 has plateaued while pits continue to expand and deepen on

ut3-12 and uts-17.



5.3. CREVICE CORROSION

Only 7 out of 24 samples do not have crevice corrosion. Except for Al 1100 in near
stagnant seawater receiving daily hypo-chlorination treatment, samples with crevice corrosion
identified in the images also have crevice corrosion identified in the ultrasonic scans.

Crevice corrosion was severe in four samples — utl1-18, ut3-14, ut3-17, and ut3-18.
Corrosion product from crevice corrosion has displaced the gasket; corrosion product is visible
on both sides of the gasket. There is now a path available for seawater to get to the non-exposed
surfaces. Once initiated, crevice corrosion progresses rapidly and severely for Al 3003 samples.
Crevice corrosion is more severe in near stagnant conditions compared to flowing seawater
conditions. This is notable because crevices and interfaces/gasketed regions are most likely to
have lower seawater flow rates.

o
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Figure 5-17. Corrosion product buildup from severe crevice corrosion has displaced the
gasket in (left to right) utl-18, ut3-14, ut3-17, and ut3-18. Once initiated, Al 3003 is
particularly susceptible to developing severe crevice corrosion.

Lateral gasket corrosion not as catastrophic as pitting corrosion, which would result in
working fluid leaking into the seawater. In shell-and-tube heat exchangers, gaskets are located
on non-heat transferring surfaces, so a wider gasketed area and thicker base material can
compensate for under-gasket corrosion.

The extent of crevice corrosion penetration and maximum depth under the gasket was
measured ultrasonically (Table 5-2). The maximum depth and maximum lateral penetration
were not necessarily in the same location.
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Table 5-2. Crevice corrosion at the gasket interface. Lateral penetration is the distance from
the inner edge of the gasket to the furthest extent of corrosion. The maximum corrosion depth
underneath gasket is not necessarily in the same location as the maximum lateral penetration.

Present Lateral Maximum

Treatment Sample on Penetration Depth under

image? [mm] Gasket [mm]
ut5-18 Yes 4.0 0.5
StSQe:ermt Control ut3-18 Yes 11.2 1.2
utl-18 Yes 7.0 1.0
uts-1 No? - -
Flowing Control ut3-17 Yes 7.5 1.2
utl-17 Yes 2.7 0.4
ut5-16 No - -
StSQe:ermt Hypochlorination  ut3-16 No - -
utl-16 Yes n.d. n.d.
ut5-15 No - -
Flowing  Hypochlorination  ut3-15 No - -
utl-15 Yes 2 0.3
ut5-14 Yes 5.4 1.2

Near .
S Acid treatment ut3-14 Yes 6.7 1.3
utl-14 Yes 5.4 1.3
ut5-13 Yes 2.0 0.2
Flowing Acid treatment ut3-13 Yes 7.2 1.2
utl-13 Yes 3.6 0.9
Near Warm seawater uts-12 No : :
Stagnant pre-treatment ut3-12 ves 4.0 05
utl-12 Yes 4.4 0.8
uts-11 No 2 0.1
. Warm seawater

Flowing pre-treatment ut3-11 No - -
utl-11 No - -

n.d. = not detected on ultrasonic scans.

2 For the same exposure time, no crevice corrosion or pits were detected on the Al 5086
control sample in flowing seawater. Crevice corrosion was detected on images after 477
days.

29



5.4. OPEN-CIRCUIT POTENTIALS

Open-circuit potential (OCP) relative to an Ag/AgCl reference electrode was monitored
for all samples. OCP is a qualitative indicator of the state of a sample, changes can be indicative
of the onset of corrosion. OCP in the pitting region (around -700 mV), has been a strong
indicator of the presence of local corrosion. OCP monitoring of OTEC heat exchangers could be
a non-destructive technique to identify corrosion development.

OCPs of the samples are shown in Figure 5-18. OCP is most closely correlated to the
onset of corrosion for Al 3003. OCP changes were within days of pits and crevice corrosion
being identified on images. Based on the current trend, some corrosion is likely for ut3-16 (Al
3003 receiving daily hypo-chlorination in near stagnant seawater). ut3-16’s OCP has been noisy
and the overall trend is OCP is climbing towards -700 mV. Similar noise was observed in ut5-17
(Al'5086 control sample in flowing seawater) prior to the observation of pits in images. For Al
1100 and Al 5086, OCP did not correspond as closely to the onset of localized corrosion but this
could be due to lack of resolution — more frequent OCP measurements may have captured a
change. However, the current OCPs for Al 1100 and 5086 samples are indicative of the presence
or absence of localized corrosion. The one Al 1100 and three Al 5086 samples without localized
corrosion are the only samples to have OCPs not in the pitting region.

Acid treatments lowered OCP of all samples, but did not have the protective effect
observed in previous testing. OCP typically returned to pre-treatment levels within 30 days of
treatment. More frequent treatments or OCP-based treatments may have been necessary for acid
treatment to be effective. OCP-based treatments are difficult in the current test setup because all
samples in a column must be treated at the same time; an individual sample cannot be isolated
for treatment.

OCPs were also affected by the warm seawater pre-treatment. Once moved to cold
seawater, OCPs immediately jumped to -700 mV although no corrosion was observed. OCPs
generally lowered to -800 mV after 210 days in flowing cold seawater and 90 days in near
stagnant cold seawater. Two samples, ut5-11 and ut3-12 (Al 5086 sample in flowing seawater
and Al 1100 sample in near stagnant seawater), that received the warm seawater pre-treatment
had OCPs that remained ~ -700 mV and both have crevice corrosion. Although the OCPs of
both Al 3003 samples dropped to -800 mV, the OCPs eventually returned to -700 mV and the
time of return to -700 mV coincided with detection of pits on the daily images.
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Al 5086 in Near Stagnant Seawater

Al 5086 in 1 m/s Flowing Seawater

......... W

2|3 [ a®
5§ &8 § § § 8 g
[Aw] [53v/3v sA [eRualed wR0aD uado
9’ h * oo
L
....... €a -m..%-....:u:-
s % o0
L 1
||||||||| T e
e s.Mn
e oroo ¥
SR S P, S SR P
| @ [ e |
.................. ﬁ...ﬂ". A -
»
s . T
“““““““““ g~ 22 LT P
AL : MG |
......................... oy ® |
................ * g ma Bt ||
ow Bes * * Y
A E
4Wm (N 1] * e

-400
-500

g B

[nw] o/ sa [epuatod N1 uado

-200
-800
1pon (%
-1100
1200

90 120 150 180 210 240 270 300 330 360 390 420 450

0 30 &0

-60 -30

90 120 150 180 210 240 270 300 330 360 390 420 450

60

-60 -30 0 30

Exposure Time [days]

Exposure Time [days]

WIW

Acid

Control

Wsw

Add
----- Add treatment

e Control

Moved to CSW

----- Acid treatment

Hypochlorite

Moved to CSW

Hypochlorite

Al 3003 in Near Stagnant Seawater

Al 3003 in 1 m/s Flowing Seawater

e
.mm | .“o.
g o aheet ]
B § B 8 8 8 % B
[AW] D3y/3Y s [eua104 YN21E uado
f o L
....... et
sg® |
......... oK, D
i | |’Mc (]
Yl
W ]
X 3
||||||| . . e
N
L)
.................... i 7 3 NP S
] No
| S PSR . | -] o (R T s
3.
ol 2,
1 ")
k] | %o
LiE] I | 1) C
g 8§ &8 8§ § 8 28 8

[Aw] [23v/3y sA jejuajog Pnon) uadg

-60 -30 0 30 60 50 120 150 180 210 240 270 300 330 360 350 420 450

-60 -30 0 30 60 50 120 150 180 210 240 270 300 330 360 390 420 450

Exposure Time [days]

Exposure Time [days]

Waw

- - Moved to CSW

Adid
----- Add reatment

Control

Add
----- Acid treatment

Control

Hypochlorite

-~ Moved to CSW

Hypochlorite

Al 1100 in Near Stagnant Seawater

r——
ISWpre-
tfeamment

s 8 3 8 § 8§ ¢§

Al 1100 in 1 m/s Flowing Seawater

e
WS5W|pre-
treatmien

-400
-500

T & 8 B 8

[Aw] p3y/By sa jeyusjod ynoai) uadop

90 120 150 180 210 240 270 300 330 360 390 420 450 -60 -30 0 30 60 90 120 150 18D 210 240 270 300 330 360 390 420 450

&0

-60 -30 0 30

Exposure Time [days]

Exposure Time [days]

WEW
-- Moved to W

Acid
----- Add treatment

Control

Wsw
- - Moved to CSW

Acid
----- Acid treatment

@ Control

Hypochlorite

Hypochlorite

t an Ag/AgCl reference electrode.

INs

t potentials agai

-CIrcul

Open

Figure 5-18

31



5.5. BIOFOULING

The extent of biofouling on the samples was unexpected. Bacterial colonies have been
previously observed in cold seawater as dark gray spots or patches, but in this test, the slimy, rust
colored film typically observed in warm seawater was observed in several samples. The biofilm
attached to the acrylic viewing/imaging windows on the MCIR in addition to the sample
surfaces.

Previous studies concluded that biofouling in cold seawater consists of bacterial colonies
and extra-cellular polymeric substances excreted by the bacteria. No algal cells or multi-cellular
organisms were found. The bacteria are found in the seawater itself; although contamination
from warm seawater is possible, it is unlikely the primary source for biofouling. Makai also
believes there is biofouling in the cold seawater supply lines. Cold seawater is supplied to
Makai’s corrosion testing facility in white PVVC piping that is above ground in some sections.
Makai previously determined there is enough light penetration through the PVC wall to support
growth and subsequently shielded (darkened) Makai-maintained pipe sections. Any growth in
the piping, especially during no-flow maintenance periods, could be carried into the corrosion
test during flow resumption.
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6. DISCUSSION

Three treatments were tested for their efficacy at preventing and/or mitigating pitting and
crevice corrosion on three alloys in two cold seawater flow conditions.

Crevice corrosion was more severe in near-stagnant samples than in flowing seawater
samples. Since low-flow areas are likely at boundaries, interfaces, and transitions, this is an
important consideration in heat exchanger design. In several samples, corrosion product buildup
from crevice corrosion displaced the gasket and was visible on both sides of the gasket,
essentially creating a pathway for seawater to flow to surfaces not intended for seawater
exposure.

Shortly after samples were installed in cold seawater, the samples were inadvertently kept
in stagnant cold seawater overnight. It is possible this adversely affected the samples in this test,
essentially introducing an extended stagnant condition for the flowing seawater samples. For
samples with crevice corrosion, the onset of corrosion was observed at nearly the same time for
samples in flowing seawater and near-stagnant seawater. This is noted because the only Al 1100
sample without crevice corrosion is the warm seawater pre-treatment sample in flowing
seawater; it was not exposed to stagnant cold seawater because it was receiving the warm
seawater pre-treatment. The corresponding Al 1100 warm seawater pre-treatment sample in
near-stagnant cold seawater developed crevice corrosion within 15 days in cold seawater, which
is comparable to the onset of crevice corrosion in the other Al 1100 samples. It is possible the
overnight period in stagnant cold seawater shortly after exposure accelerated the initiation of
crevice corrosion in the flowing seawater samples.

Pitting was observed in four samples. In three Al 3003 samples, pits appeared within
one year. Pitting was deeper in stagnant seawater and although the pit depth increased quickly, it
also appeared to passivate within 150 days. At least three pits were observed via images of the
Al 5086 control sample; only one pit has been detected on ultrasonic scans. Ultrasonic scans
have only detected the pit for ~ 100 days; it will be interesting to see whether the pit continues to
deepen (as previously observed in Al 6061) or passivates as observed in Al 3003.

Acid treatment was not effective at preventing corrosion; samples of all three alloys had
crevice corrosion that is comparable to the control samples. Acid treatment was effective at
removing biofouling, although the biofilm would redevelop prior to the next treatment. Acid
treatments lowered OCPs but the effect was not as long lasting as observed in previous tests.
Treatment intervals may need to be modified for acid treatment to be effective.

Warm seawater pre-treatment appears to be somewhat effective. No corrosion has been
observed on two of the warm seawater pre-treatment samples, Al 1100 in flowing seawater and
Al 5086 in near stagnant seawater. However, the two Al 3003 samples that received the warm
seawater pre-treatment both have pits.
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Although not effective for Al 1100, hypo-chlorination was the most effective treatment
for Al 3003 and Al 5086. None of the Al 3003 and Al 5086 samples receiving hypo-chlorination
have crevice corrosion or pitting. In general, sample surfaces also look shiny and new. Some
biofouling has started on the Al 3003 sample in near stagnant seawater. The start of biofouling
appears around Day 193 and corresponds to a slight rise in OCP. OCP of the sample becomes
noisier after Day 360 and has increased into the pitting region, although it occasionally returns to
<-800 mV. This sample may show corrosion in the near future.

12/1/15 - Day 193 12/14/15 - Day 207 1/11/16 - Day 235 6/17/%6- Day 393

— P D

Figure 6-1. Biofouling observed on Al 3003 receiving daily hypo-chlorination treatment in
near stagnant cold seawater.

OCP of Al 3003 in Near Stagnant Seawater
Receiving Daily Hypo-chlorination
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Figure 6-2. OCP of Al 3003 receiving daily hypo-chlorination treatment in near stagnant cold
seawater. A slight change in OCP coincides with the observation of biofouling.
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In light of the improved performance of samples receiving hypo-chlorination treatment,
biofouling may contribute more to corrosion in cold seawater than previously anticipated.

Crevice corrosion may be addressed in the design phase by reducing low flow areas as
much as possible and using thicker materials and gaskets to extend the usable lifetime. Since
crevices and interfaces are usually associated with non-heat transfer surfaces, designing with
larger safety factors may be the most economical solution to addressing seal integrity issues
associated with crevice corrosion.

Pitting corrosion can occur on heat transfer surfaces where it is not practical to increase
wall thicknesses. Pitting corrosion can result in the working fluid entering the environment,
which is considered a catastrophic failure and must be avoided.

Cumulative findings of Makai’s ongoing corrosion testing program are summarized in
Table 6-1. Box coupon testing data was also used in the analysis presented in Table 6-1. One
major limitation is that box coupon data collection is discrete and destructive. It is not possible
to determine if observed pits were established and continued to deepen over time (as observed
for Al 6061) or levelled off and remained at a stable depth (as for Al 2024) or if the observed pits
or crevice corrosion could be traced back to a singular disturbance.

Compared to previous studies, the major advantage of Makai’s current research is the
ability to provide continuous, in situ monitoring. The ability to follow the development of the
same pit is crucial and eliminates errors in extrapolating discrete measurements of different pits
over time to determine pit development rate. The major obstacle in statistically extrapolating our
data to provide an expected pit depth over time is our limited sample size. Both the sample area
(size of exposed surfaces) and sample size (number of samples) is very small compared to areas
expected in OTEC plant-sized heat exchangers. For this test, the sample area is 4.125 in?
(0.0027 m?) with a sample size of N = 1. The minimum heat transfer area of the 2 MW heat
exchangers at the OERC ranges is 135 m?, which is on the order of 10* times greater than the
sample area. In order to apply extreme value statistics, the sample size should be at least 30.1

It is also important to keep in mind that many variables can affect pitting corrosion, and
therefore the life expectancy of a heat exchanger. Manufacturing processes must be carefully
controlled and scrutinized because small deviations can become corrosion initiation sites.
Quality control is crucial and must be maintained on scale required for OTEC-sized heat
exchangers.

Makai believes an evaporator constructed from Al 3003 or Al 5052 can be expected to
last up to 15 years with little risk of failure. Extending lifetime beyond 15 years increases the
risk for failure. A condenser constructed from Al 3003 or Al 5052 can be expected to last 10
years with little risk of failure. Makai believes extending a condenser lifetime beyond 10 years

! Shibata, T. Application of Extreme Value Statistics to Corrosion. J. Res. Natl. Inst. Technol. 99, 327 (1994)
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will significantly increase the risk for failure. Al 3003 and Al 5052 box coupons have been
tested in cold seawater for over 6 years with maximum pit depths of 0.75 mm.

Makai will continue to test the control, warm seawater pre-treatment, and daily hypo-
chlorination treatment samples. The acid treatment samples have so much crevice corrosion that
no useful data is likely from continued testing. The control samples are also have severe crevice
corrosion but the pit development on Al 5086 warrants continued study.
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Table 6-1. Cumulative findings corrosion suitability of bare aluminum alloys for use in OTEC heat exchangers.!

Cumulative Expected ANL Cumulative Expected ANL 1980’s
Alloy Evaporator Test . P , | 1980’s Test | Condenser Test . P , | 9-years Test
Life Cycle Life Cycle
Exposure Results Exposure Results
3003 Yest ongoing, at least 6 Yes Yes Wltt; ongoing, at least 6 Yes Wlth
~6 years years caution ~6 years years caution
3003 Not Tested | Not Tested | Not Tested - ves \.Nlt? ongoing, at least 6 -
(treated?®) caution ~6 years years
5052 Vs ongoing, at least 6 Yes Yes }/Vlﬂ;l ongoing, at least 6 Yes
~6 years years caution ~6 years years
5052 Not Tested | Not Tested | Not Tested - Yes .W'T ongoing, at least 6 -
(treated?®) caution ~6 years years
ongoing, at least 6 No ongoing, Not
6063-T5 Yes Yes o . Yes
~6 years years (pitting) ~6 years suitable
6063 No ongoing, Not
Not Test Not Test Not Test - . . -
(treated?®) ot Tested ot Tested ot Tested (pitting) ~6 years suitable
N
6061 Not Tested | Not Tested | Not Tested | Not Tested No ~1 year Ui t::)Ie Not Tested
9 ongoing,
5086 Not Tested | Not Tested | Not Tested | Not Tested TBD G TBD Not Tested
ngoin
o086 sy | NotTested | NotTested | Not Tested | Not Tested TBD ongoing, TBD Not Tested
(treated?) ~1.5 years
1100 No ongoing, atleast 6 Not Tested .N.O ongoing, I.\IOt Not Tested
~6 years years (pitting) ~6 years suitable
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These alloys are solely evaluated based on their corrosion and pitting characteristics as determined at Makai Ocean Engineering’s
Marine Corrosion Lab when coupons are exposed to flowing seawater (~ 1 m/s) ranging from 24 to 28 °C for evaporator uses and
6 to 7 °C (CSW from 674-m) for condenser uses. Alclad alloys are not acceptable for OTEC HXs.

Makai believes an Al 3003 or Al 5052 evaporator can reasonably be expected to last 15 years, 10 years for a condenser. The risk
for failure increases rapidly with extended lifetime. More data would reduce the risk. Makai considers the risk beyond 15 years
for an evaporator and 10 years for a condenser to be unacceptably high given the data we have to date.

Warm seawater pre-treatment is tested on Alloys 3003, 5052, 6063, and 5086. Acid treatment is tested on Alloys 3003, 5086, and
6063. Hypo-chlorination is tested on Alloys 3003 and 5086.

3003 WSW - Some pitting has been observed. Pits initially observed after 2 years, maximum pit depths have not increased in 5
year samples. Maximum pit depth observed is less than 0.1 mm (0.004”).

3003 CSW - Some pitting has been observed. Pits initially observed after 1.5 years, pit depths have not significantly increased
between samples removed at 3 years and samples removed at 5 years. Maximum pit depth observed is ~ 0.6 mm (0.024”).

5052 WSW - Some pitting has been observed. Pits initially observed after 1.5 years, pit depths have not significantly increased in
samples removed at 5 years. Maximum pit depth observed is ~ 0.125 mm (0.005”).

5052 CSW - Some pitting has been observed. Pits initially observed after 1.5 years, pit depths have not significantly increased
between samples removed at 2 years and samples removed at 5 years. Maximum pit depth observed is ~ 0.75 mm (0.030).

3003 and 5052 WSW pre-treatment: Some pitting has been observed. Pits initially observed after 1 year, pit depths have not
significantly increased in samples removed at 5 years. Maximum pit depth observed is ~ 0.2 mm (0.008”).

5086 CSW - Pitting observed after 1.3 years. Current maximum pit depth is 0.3 mm with increasing trend.

Caveats:

M wnn

To avoid pitting of braze joints in evaporators, silicon must be removed from surface by, for example, machining off the top layer.
Braze joints fabricated using commercial fluxes are not acceptable in the condenser.

Avoid stagnant water especially near gaskets. Crevice corrosion is severe in stagnant cold seawater, especially for Alloy 3003.
Care must be taken during manufacturing to avoid defects such as extrusion lines or concentrated areas of cold work, e.g., during
roller expansion.
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7.  CONCLUSION

The corrosion development of Al 1100, Al 3003 and Al 5086 in flowing and near-
stagnant cold seawater has been observed for 15 months. Corrosion development was observed
with three measurement techniques — ultrasonic scanning, imaging, and measurements of open
circuit potential. Ultrasonic scanning is a non-destructive test method that allows measurements
of corrosion in-situ without disturbing the samples. Simultaneous in-situ imaging of the
corroding surface shows a clear correlation between the accumulation of corrosion product and
pitting locations. Open circuit potential measurements also correlated with observation of
corrosion product in imaging and ultrasonic scans. Previous testing showed ultrasonic
measurement of pit depth and areas were in agreement with and likely more accurate than laser
profilometry measurements.

In the current test, four samples developed pits and all but seven samples developed
crevice corrosion. Pitting and crevice corrosion are more severe in the near-stagnant seawater
samples than the flowing seawater samples. Since crevices are not typically found on heat
transfer surfaces, crevice corrosion can likely be compensated for with increased thicknesses for
components in the heat exchanger design.

Pitting corrosion is more difficult to solve. Untreated aluminum alloys are unlikely to be
suitable for use in long-term (20+ year) OTEC heat exchangers. Some samples of Al 3003,
5052, and 5086 have performed well but, even in warm seawater, no alloy has performed without
pits. Pitting has been attributed to material and manufacturing defects — such as extrusion
defects or poor surface finishes; operational oversights — such as missed treatments or flow
disturbances; and experimental bias — such as poor gasket/interface design. However, Makai
believes the manufacturing and operational anomalies experienced were not atypical and could
easily occur during the production and operation of aluminum-based heat exchangers, especially
at the scales required in an OTEC plant.

Provided that efforts are taken to ensure material and manufacturing quality and no
operational anomalies, Makai considers the risks associated with using untreated aluminum
alloys for pilot plant heat exchangers or limited lifetime heat exchangers (10 years for a
condenser, 15 years for an evaporator) to be acceptable. However, as there is also no definitive
“warning” prior to failure, Makai believes the risks associated with extending the life time of
untreated aluminum alloy heat exchangers will increase rapidly and outweigh potential savings.

Makai believes that treated aluminum alloys show more promise to last 20+ years, but
more thorough and longer testing is required. Warm seawater pre-treatment and acid treatment
samples have shown promise in other tests and it may be that the pits in this test will passivate
and remain at their current depth. Only six samples have received hypo-chlorination treatment in
cold seawater. While promising for Al 3003 and Al 5086, the small sample area, limited number
of samples, and relatively short test time (445 days) make it difficult draw conclusions for heat
exchanger surfaces expected to be on the order of 1000 m? and lasting at least 10-20 years.
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Future work should focus on treatments and corrosion detection methods. Makai has
previously suggested an ultrasonic measurement system could be used to monitor a sample from
the same lot/manufacturing process and exposed to the exact same conditions as the functional
heat exchanger.
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8. APPENDIXA
MATERIAL CERTIFICATIONS
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APPENDIX B

9.

COMPILATION OF ULTRASONIC SCANS

WARM SEAWATER PRE-TREATMENT IN FLOWING SEAWATER

9.1.

utl-11

9.1.1. Alloy 1100 —

Day 237

Day 202

Day 180

Day 159

Day 103

Day 80

(wo) A

(W) A

(wo) A

(W) A

(wo) A

(wo) A

X (cm)

X (cm)

X (cm)

X (cm)

X (cm)

(wo) A

(wo) A

(wo) A

(wo) A

(wo) A

(wo) A

X (cm)

X (cm)

X (cm)

X (cm)

X (cm)
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(wo) A o (wd) A

Day 425
X (cm)

(wo) A (wa) A

Day 390
X (cm)

(wo) A (wo) A

X (cm)

(wo) A (wo) A

X (cm)

(wo) A (wo) A

Day 79

9.1.2. Alloy 3003 —ut3-11

(wo) A (wo) A
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9.1.3. Alloy 5086 — ut5-11

Day 238

(wo) A (wo) A

Day 237
Day 390

(wo) A (wd) A

Day 202

(wo) A (wo) A

Day 180
X (cm)

(wo) A (wo) A

Day 159

(wo) A (wo) A

Day 2

45

(wo) A (wo) A



Day 462

(W) A

46



WARM SEAWATER PRE-TREATMENT IN NEAR STAGNANT SEAWATER
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9.2.2. Alloy 3003 — ut3-12
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9.2.3. Alloy 5086 — ut5-12
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ACID TREATMENT IN FLOWING SEAWATER
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9.3.3. Alloy 5086 — ut5-13
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ACID TREATMENT IN NEAR STAGNANT SEAWATER

94.
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9.4.3. Alloy 5086 — ut5-14
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HYPO-CHLORINATION IN FLOWING SEAWATER

9.5.

9.5.1. Alloy 1100 —ut1-15

(wo) A

(wo) A

(wo) A

(wo) A

(wo) A

(W) A

X (cm)

X (cm)

X (cm)

X (cm)

X (cm)

(wo) A

w0
[t}
N
z
o
(wa) A
[Te)
(2]
N
z
[a]
(wo) A
N
o
N
z
[a]
(wo) A
N
~
-
=
[a]

(wo) A

Day 144

(wa) A

64



X (cm)

J Q.v 4/__ ,I_. o - N o <

(wo) A

X (cm)

=
)]
(]
9
[a]

(wo) A

65

(W) A




9.5.2. Alloy 3003 —ut3-15
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HYPO-CHLORINATION IN NEAR STAGNANT SEAWATER
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9.6.2. Alloy 3003 —ut3-16
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9.6.3. Alloy 5086 — ut5-16
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CONTROL IN FLOWING SEAWATER
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9.7.3. Alloy 5086 — ut5-17
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CONTROL IN NEAR STAGNANT SEAWATER
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9.8.2. Alloy 3003 —ut3-18
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9.8.3. Alloy 5086 — ut5-18
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