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SUMMARY

BrookhavenNational L aboratory (BNL) hasdeve oped thermally conductivecompositeliners
for corrosion and scale protectionin heat exchanger tubes exposed to geothermal brine. Theliners
cannot withstand roller expansionto connect the tubesto the tubeshest. It isnot possibleto linethe
endsof the tubes with the same materid after roller expansion dueto the nature of the current liner
application process. It wasrequested that BNL evaluate plasmasprayed Ni-Al coatingsfor safe
ending heat exchanger tubes exposed to geotherma brine. The tubes of interest had an internd
diameter of 0.875 inches. Itisnot typical to thermal spray small diameter componentsor use such
small standoff distances. In this project a nozzle extension was developed by Zatorski Coating
Company to spray the tube endsaswell asflat couponsfor testing.

Four different Ni-Al coatings were investigated. One of these was a ductilized Ni-AIB
material developed at Cak Ridge Nationa Laboratory. The coatingswere examined by optical and
scanning electron microscopy. In addition, the coatings were analysed by X-ray diffraction and
subjected to corrosion, tensile adhesion, microhardness and field testsin a volcanic pool in New
Zealand.

It was determined that the Ni-Al coatings could be applied to adepth of two incheson the
tube ends. When sprayed on flat couponsthe coatingsexhibited relatively high adhesion strength
and microhardness. Polarization curves showed that the coating performance was variable.
M easured corrosion potentials indicated that the Ni-Al coatingsare active towardsstedl coated with
thermally conductive polymers, thereby suggesting preferential corrosion. Corrosion also occurred
on the coated couponstested in the volcanic pool. Thismay have been exacerbated by the difficulty
in applying a uniform coating to the coupon edges. The Ni-Al coatings applied to the tubes had
significant porosity and did not provideadequate corrosion protection. Thisis associated with the
short standoff distance and isnot areflectionof thenorma quality of plasmasprayed coatings. Even
if coating porosity could be reduced, the coupling of an aloy coating to a polymer-based barrier
coating in the same el ectrolyteis not recommended. Therefore, polymer coatings that can befield
applied to the tube ends after roller expans on should be sought.
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1.0 Introduction

Shell and tube heat exchangersare used in binary cycle geothermal power plantsto generate
electricity from low to moderate temperature resources. Geothermal brineis used to vaporize a
hydrocarbon working fluid whichisthen expanded throughaturbine. Dueto the corrosivity of brine
heat exchangers are frequently constructed from titanium aloys or stainless steel. Hence, heat
exchangersrepresent a significant proportion of binary plant cost. A remaining operational and
maintenance problem isexcessiveinternal scaling of the heat exchanger tubeswhich decreases heat
transfer rate and necessitatesroutine shutdownsfor cleaning.

Capita costscould bereduced if heat exchangerswereconstructed from cheaper, yet durable,
materials. One possibility is to use carbon steel heat exchanger tubes lined with thermally
conductive, protectivecoatings. If theselinerscan aso be designed to impart scale resistance then
mai ntenance costs could be decreased.

Brookhaven National Laboratory (BNL) has developed several polymer-based thermally
conductive liners for the fluid side of carbon steel heat exchanger tubes to reduce corrosion and
fouling. Theselinersare currently being evauatedin collaborationwith NREL and CalEnergy. One
liner system is based on styrene trimethyl ol propanetrirnethacrylate(ST/TMPTMA) and the other
on polyphenylene sulfide (PPS). A detall not yet resolved is attachment of the lined tube to the
tubesheet. The compositelinerswill not withstand the stresses associated with roller expansion or
heat induced by welding. Therefore, the ends of the tubes require a system that is resistant to
mechanical or thermal damage. It isnot possibleto coat the tube endswith the thermally conductive
composites after roller expansion due to the application and processing requirements of these
materials. Thetubesthat are being field tested have a stub of AL-6XN alloy welded onto the ends
prior to lining. Itisthisstub that is subsequently roller expanded.

Joining two dissmilar materials runs the risk of galvanic corrosion unless both are
electrically isolated from the electrolyte, in thiscase brine, by acontinuousbarrier coating. AL-6XN
stubscan be expected to be cathodic towards carbon steel. Coating the anode only does not solve
the problem since any coating defects will giveriseto localized corrosion. Hence, a better system
isrequired to prevent galvanic corrosion of the heat exchanger tubes.

The objectives of this project were to demonstrate and evaluate plasma spray nickel
aluminum coatings suitable for production-scale safe-ending of heat exchanger tubes. Nickel
auminum was requested by the Program Manager, Mr. Ray LaSala. 1naddition to nickel auminum,
there are other materiasthat could possibly be appropriatefor the application. These might include
Inconel 625 or other NiCr-base alloys or polymerswith required high temperature durability in
geothermal brines. The optimal solution would be to have the entire carbon stedl tubelined with the
same material.

Roller expansionisthe most common method for attaching tubes to tubesheets and was the
only joining method consideredin thisproject. Further details of the method are given by Singh and



Soler (1984). The tube is plastically deformed to form a leakproof joint. The quality of bond
produced by roller expansion depends on the stress-strain characteristicsof the tube and tubesheet
materials, number of rollers, mandrel speed, finish of surfacesto be joined and tubesheet ligament
size. Thelength of theroll istypicaly 2".

In order to avoid any potentia damageto the thermally conductive composite liner by roller
expansion, it is necessary to leavethelast 2" bare. The bare ends must be coated either before or
after roller expansion. Logically, it is preferableto coat the ends after joining to the tubesheet to
minimize the risk of harming the coating.

Thermal spray refersto the processin which afeedstock materia is heated and projected onto
asubstratewhereit solidifies. The molten particlesflatten when they impact the substrate and form
alamellar microstructure. The coating thus consists of lamellar particles, oxidesand pores. There
are several different thermal spray processes and these can be broadly categorized as flame, arc,
plasma, and high velocity oxygen fuel (HVOF). The coating propertiesare strongly dependent on
the process used. Plasma and HVOF coatings have lower porosity than flame or arc sprayed
coatingsand are of greater interest for corrosion protectionin severeenvironments. Thisproject was
limited to evaluation of plasmasprayed coatings.

The intemal diameter of the heat exchanger tubes currently being lined at BNL is0.875".
Thermal spraying with conventional equipment can typically coat the inner diameter of tubesto an
aspect ratio of two. Thisinvolves non-ided spray angles which subsequently resultsin a lower
quality coating. A possiblemeansof plasmasprayingtheinterna surfaceof the heat exchanger tube
endsisto useaspecialized plasmagun designed for small internal diameters. Sulzer Metco had a
gun (F3) that can spray intemal areas with a diameter of 1.2". This gun was used for spraying
turbine engine fan disk slots. However, it is no longer in commercial production. Other thermal
Spray equipment manufacturers were contacted but nothing suitable for the small tubeswas | ocated.
An dternativeisto add a nozzle extenson to a standard plasma spraying gun to coat small intemal
areas. Such asystem could possibly be used to coat the ends of heat exchanger tubes, particularly
if the coating could be applied in thefield after roller expansion.

Thermal sprayed nickel duminumiswidely used as a bond coat between the substrateand
top coating. The purposeof the bond coat is to enhance adhesion and integrity of thermal sprayed
systems. Ni-Al coatings a so exhibit oxidation and abrasion resistanceat high temperatures. They
are not commonly used for corrosion protection in agueous'environments and one supplier's
technical bulletin does not recommend its use in such conditions. The properties of coatings
produced from different composition Ni-Alwire and powders and the effects of different spraying
techniques have been studied extensively. Examples of such research include McPherson and
Cheang (1989), Sampath et a. (1987; 1990), Khor and Loh (1994), Geibel et al. (1996), Yiru et a.
(1986), Kozerski (1986), Knotek et al. (1980), and Svantessonand Wigren (1992).

The phasesand microstructureformed when spraying Ni-Al depend on the feedstock, process
and parametersused. Ni-Al isavailablein wireor powder form. For thisproject only powderswere
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of interest. Thetypical powder compositionsavailable are Ni-4.5A1, Ni-5Al, Ni-18Al1 and Ni-20Al.
The powderscan be clad (composite) or pre-alloyed. Ni-4.5 Al and Ni-5A1clad powdersconsist of
aNi coreand an outer shell of Al whereasNi-20Al isNi clad on Al. Pre-alloyed powderscan be gas
or water atomized. Ni and Al powders can also be blended or sprayed separately. Thisform of
reactive spraying has been used to produce nickel aluminide coatings by Deevi gt a. (1997).

Knotek et a. (1980) flame sprayed a number of different powders. Atomized Ni-5Al was
found to produce a-Ni, NiO and y-Al,0,. Clad Ni-20A1 powders produced the same phasesin
additionto intermetallicNi,Al and tracesof NiAl. Kozerski (1986) reviewed literatureon thermal
sprayed Ni-Al and noted that the phasesformed were variable. The effect of P on oxidation of Ni
during plasmaspraying of Ni-Al wasstudied by Kozerski (1986). Ni-30Al coatingswerefound to
contain numerous oxides (NiO, NiALO, and y-Al,0;). Addition of 4% P removed NiO and
NiALO,.

McPherson and Cheang (1989) plasmasprayed clad Ni-4.5Al and pre-alloyed Ni-5Al and
compared the microstructure, oxide content and tensile adhesion strength for different standoff
distances. The proportionof y-Al,O; was higher in the coatingsprepared from pre-alloyed Ni-5Al
while the proportion of NiO was lower. The oxide content increased with increasing standoff
distance. Coatings from pre-alloyed powders had lower porosity. For both types of coatingsthe
porosity increased with standoff distance. Thetensileadhes on strength wasfound to be higher for
the pre-alloyed Ni-Al.

Atmospheric and vacuum plasma spraying of different Ni-Al powders was performed by
Sampath et al. (1987). The powdersstudied were clad Ni-5Al, clad Ni-20Al, gas atomized Ni-5Al
and water atomized Ni-5Al. The phasesformed in the coatings varied with the feedstock material
and spraying process. Nickel aluminide phaseswere only formed in the clad materialswhen they
were vacuum plasma sprayed. As expected, more oxides were produced during the atmospheric
plasma spraying process. The gas atomized Ni-5Al formed a-Ni when either sprayed in air or
vacuum. Some Al O, stringers were detected in the a-Ni for the atmospheric sprayed coating.
Similar resultswerefound for the water atomized Ni-5Al coatingsexcept that oxidation was less.

Svantessonand Wigren (1992) examined the phasesformed, corrosion resistance, hardness
and tensile adhesion strength of plasma sprayed coatings produced from different Ni-SAl feedstock
powders. Clad powders produced coatingswith free Al in a-Ni, NiO and AL,O;. The coatings from
atomized (pre-alloyed) powders consisted of Al,O, ina-Ni. Sintered powder produced Ni;Al, NiO
and AL,O, in a-Ni. Ni,Al wasalready present in the starting materia. Salt spray testsin accordance
with ASTM B117 were performed and the coatingswere found to be resistant to attack after 100
hoursof testing. The coatingsunderwent degradation when exposed to saturated SO, for 200 hours.
The highest adhesion strength was obtained for a gas atomized powder that contained 0.2%B.
Addition of B isof interest for improving ductility and thisis discussed further below. The same
coating also displayed the highest microhardness.

Several concernsexist for the successful use of Ni-Al coatingsfor safeending heat exchanger



tubes. Theseinclude corrosion and scaling resistance, compatibility with the thermally conductive
composite liner, presence of pores and oxides, and ductility. Like other intermetallics, nickel

aluminides are hard and brittle. Hence, the presenceof nickel aluminide phasesin Ni-A1 coatings
will decrease ductility. Thisis a strong limitation if the coated end of the tube is to be roller
expanded. Low ductility, combined with poresthat can act as stress concentrators and oxides that
provide paths for crack propagation, obvioudly increases the risk of coating damage during
expansion. This problem was discussed with severa therma spray companies and it was
unanimously agreed that such coatings should not be subjected to deliberate plastic deformation.
Furthermore, flame sprayed Ni-Al coatingsthat were roller expanded as part of a collaborativefield
trid with NREL and CalEnergy reportedly flaked off. The best approachif Ni-Al coatingsareto be
used is to spray after roller expansion. Other aternativesinclude post treatment or addition of
alloying elementsto improve ductility. However, these may not have the desired effectiveness.

Annealingof thethermal sprayed coating is a potential means of increasing ductility but is
not practical for the lined heat exchanger tubes. Boron has been found to increase the ductility of
Ni;Al (Liu et al,, 1985) but not that of NiAl (George and Liu, 1990). NiAl-B has been vacuum
plasmasprayed by Chengtd., (1993). Reinshagenand Sikka (1991) sprayed Ni-Al-B using HVOF
and plasmaprocesses. Thealloy sprayed isdesignated as I C-50 and its compositionis 11.3% Al,
0.6% Zr, 0.02%B, Ni balance.

It iscommon to reduceor seal the porosity of thermal sprayed coatings particularly if they
are intended for corrosion protection. Khor and Loh (1994) used hot isostatic pressing to densify
plasma sprayed Ni-5Al and Ni-20Al. Reduction in porosity up to 89% was achieved with a
concomitantincrease in hardness. Variouscommercia materialsfor sealing coatingsexist. These
range from s mplewaxesto numerousorganicsand inorganics(e.g., epoxies, phenalics, vinyl esters,
polyesters, siliconeresins, methacrylates, silicatesand polyurethanes). Such sealantscan be brushed
or sprayed onto the thermal sprayed coating. Sealing by sol-gel ceramic precursors has also been
used to reduce porosity and improve corrosion resistance(e.g., Karthikeyan et al., 1996; John and
Troczynski, 1996; Moriyagt al., 1994). Thisprocessinvolvesheat trestment up to several hundred
degrees. For the heat exchanger tube ends a suitable sealant should preferably curein air at room
temperature, exhibit good penetration without the need for a vacuum and have durability in
geothermal brines.

This project explored several different Ni-Al materias, including a Ni-Al-B alloy with
expected increased ductility. Other materialsthat may be suitable were not investigated as Ni-Al
wasthe stipulated material. However, when an opportunity arose to test some coatingsin avolcanic
pool in New Zealand three other materialswere used to providea comparison with Ni-Al. A means
of plasma spraying the ends of tubes through use of an extension to a plasma gun was devel oped.
The coatingswere characterized for microstructure, phase composition, electrochemical behaviour,
hardness and tensile adhesion strength.



2.0 Materials

The Ni-Al1 materials tested were Metco 450 (Ni-4.5 Al, clad), Metco 480 (Ni-5Al, pre-
alloyed, gas atomized), Ametek IC-50 (Ni-11A1-0.02B) and X-form 205 (Ni-40Al, reaction
synthesized). The coatings used inthe New Zealand tests were Ni-5A| @re-aloyed), NiCr-Cr,C,,
NiCoCrAlY and ethylenemethacrylic acid.

3.0 PlasmaSpraying

The plasmaspraying was performed by Zatorski Coating Co. A nozzle extensionsystemwas
developed to permit spraying the interna diameter of the HX tube ends using a standard arc-plasma
gun. Inorder to prevent thermal damageof the compositeliners, cooling jetswereadded. The same
systemwas used to spray flat couponsand tensile adhesiontest specimens. Figure 1 isa photograph
of the gun used.

Figure 1. Plasmaspraying gun used to apply coatingson tube ends.
4.0 Experimental Procedure
41  Microscopy
The microstructure of the coatings was analyzed using optical and scanning electron

microscopy (SEM). Sprayed specimenswere cross-sectionedand viewed at magnifications of 25x,
50x and 100x. The surfacesof the coatings wereexamined by SEM to gain an indication of surface



melting. Compositional analysiswas performed using X-ray photoel ectronspectroscopy (XPS). The
XPS analysiswasdone by rastering the electron beam acrossthe surfacein arepresentativeareaas
countswere taken by the detector attached to the SEM.

42  X-Rav Diffraction

X-ray diffraction was used to determinethe componentsand phases present in the coatings.
Copper k-aradiation was used at 40kV and 30 mA to generatethe spectraat 26 angles between 20°
and 80°. The peaksin the spectrawerethen normalized and compared to therelativeintensitiesand
positionsof peaksfor known Ni and Al compounds.

43 Open Circuit Potentia :

The open circuit potential sof Metco 450 and X-form 205 Ni-Al coatingson flat mild stedl
substratesand bare steel exposed to synthetic geothermal brineat room temperature were monitored.
The Metco 450 was both flame and plasmasprayed for comparison. A section of 50 mm diameter
PV C pipewas glued onto the surface of flat couponsthat were 75 mm x 75 mm. The pipewasfilled
with brine with a composition of 58,000 pprn NaCl, 25,000 pprn CaCl,, 15,000 pprn KCl, 1000 pprn
FeCl,, 930 pprn MnCl,, 430 pprn SrCl,, 410 pprn LiCl, 370 pprn ZnCl,, 330 pprn H;BO, and 130
pprn BaCl,. The pH of the brinewas4.15. Open circuit potential was measured using a saturated
caomd electrode. The potentials were monitoredfor 48 days.

Potentials on tubes sprayed with Metco 480 and exposed to brine were also monitored.
These tubes were dliced longitudinally after spraying and the ends were capped . In addition,
potentialson tubes coated with PPSand ST/TMPTMA were measured for comparison.

44 | odvnamicPolarizai

Potentiodynarnic polarization curvesfor the different Ni-Al coatings and bare steel in brine
were obtained using an EG&G Modd 173 potentiostat in conjunction with a universal programmer.
The brine compositionwas the same as that above. The open circuit potential was measured with
asaturated calomel electrodeand theinitial applied potential set at avalue approximately 200 mV
more negative. The scan rate was 1 mV/s. The polarization experiments were terminated when
current was observed to increase sharply. A minimum of two scans were performed on specimens
cut from the same original coupon.

45  TensleAdhesion Streneth

The bond strength of the coatingsto stedl substrateswas measured in accordancewith ASTM
C 633. Coatingswere sprayed onto 25 mm diameter grit blasted stubs. Each coated stub was glued
to an uncoated stub using epoxy adhesivefilm. A hydraulic Instron testing machine was used to
measure the tensile adhesion strength. Twelve specimens per coating were tested.



4.6 Microhardness

The Vickers microhardnessof the different coatings was compared. A diamond shaped
indenter was used to test the hardness of the coating cross section. The load was 500g for 15s.
Twenty measurements per coating were made.

4.7  Field Tests

Plasmasprayed Ni-5Al, NiCr-Cr,C, and NiCoCrAlY coatingson steel substrateswere sent
to New Zealand for testing in a hot volcanic pool. The couponswere 28 x 51 X 3.2 mm. The
coatingswere 300 to 500 um thick on thefaces. It wasdifficult to produce an even coating on the
coupon edges. Thermal sprayed ethylene methacrylicacid coatingswerea so tested for comparison.
Thetesting was conducted by Mr. Keith Lichti of Materials Performance Technologies, Industrial
ResearchLimited. Thetest site was Pool #13A on Whiteldand. Theliquid inthe pool had a pH of
1.45t0 1.59 and 1576 to 1742 ppm CI and 3360 to 4140 ppm SO,*, depending on when sampled.
The temperature was 99°C and the test duration was 43 days. Previouscorrosion testsin thisand
other pools on Whiteldand are described by Lichti et d. (1997, 1998).

50 Resultsand Discussion
5.1  Microstructure
Figures 2 to 10 show optical and SEM micrographsof coating cross sectionsand surface

featuresfrom flat coupons. Cross sectionsof coatings sprayed on tubes are depicted in Figures 11
to 14.

Figure2. Cross section of flame sprayed Metco 450 at 50X magnification.



Figure 3. Crosssectionsof plasma sprayed Metco 450 at 50X and 130X magnification.

Figure4. Crosssectionsof plaama sorayed Metco 480 at 50X and 130X magnification.



Figure5. Crosssectionsof plasma sprayed X-form 205 at 50X and 130X magnification.

Figure6. Crosssectionsof plasma sprayed Ametek 1C-50 a 50X and 130X magnification.



Figure8 SEM micrographsof Metco480 surfFaseat 1ADX and S00X magnification.
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Figure9. SEM micrographsof X-form 205 surfaceat 100X and 500X magnification.

Figure 10. SEM micrographsof Ametek 1C-50 surface a 100X and 500X magnification.
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Figure11. Crosssectionsof plaanasprayed Metco 480 on tubeendsa 25X and 50X magnification.

Figure 12. Cross sections of plasma sorayed X-form 205 on tube ends a 25X and 50X
magnification.
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Figure 13. Cross sections of plasma sprayed Arnetek IC-50 on tube ends at 25X and 50X
magnification.

Figure 14. Further crosssectionsof plasmasprayed Arneek 1C-50 and M etco 480 on tube ends at
25X magnificationshowing areasof poor quality coating.
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Theflamesprayed Metco 450 coating in Figure2 hashigher porosity than the same materid
when plasmasprayed asexpected. The X-form 205 and Arnetek 1C-50 coatingshave lower porosity
and finer microstructurethan the other two. Striationsin the Ametek | C-50 coating are associated
with multiple passes of the plasma spray gun to build up the coating thickness. The SEM
micrographs at 100X show the different surface textures of the four coatings. At higher
magnificationthereisclear distinction in the degreeof particlemelting. The Metco 480 coating had
the greatest degree of melting. Some unmelted particleswere retained on the surface of Metco 450.
Thisisrelated to the different feedstock processing (gas atomized versus clad). Both the Arnetek
IC-50 and Xform 205 coatingsexhibit significant proportionsof unmelted particles.

The microstructures of the coated tubes (Figures 11 to 14) were significantly more porous
and less uniform than those obtained on the flat coupons. In addition, the coating thickness
decreased with increasing distance from the end of the tube. Porosity linking the electrolyteto
substrate and bare spots were observed. These features suggest poorer protective capabilitiesas
compared with denser, uniformcoatings. Approximately 2" of the tube was coated with Ni-Al.

Theresultsof quantitative EDX analysisof thefour coatingsare presentedin Table 1.

Table1l. EDX Analysisof Plasma Sprayed Coatings

Coating Atomic %Al Atomic %Ni
X-form 205 30.32 69.28
Metco 450 11.34 88.64
Metco 480 15.68 84.32
Ametek 1C-50 19.58 80.42

5.2 X-Ray Diffraction

The XRD patternsof thefour different coatingsare depictedin Figures 15 to 19. The patterns
areoverlad with the known peaksfor Ni and Al. The plasmasprayed Metco 450 shows Ni peaks
whereas the flame sprayed material also shows small Al peaks. The spectrum for Metco 480 is
virtually the same as that for plasma sprayed Metco 450. The X-form 205 coating appeared to
consist primarily of NiAl. The Ametek 1C-50 coating displaysa similar spectrum to those obtained
for Metco 450 and 480.
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Figure 15. XRD pattern of flame sorayed M etco 450.
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Metco 450 Plasma sprayed Ni-Al with Ni Pattern overlaid
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Figure20 isaplot of open circuit potentia versustimefor different Ni-Al coatingson flat
couponsand bare steel. Theopen circuit potential, E_,, of bare steel rapidly became more active
on exposureto brine. Thiswasfollowed by atransitionto more noble potentialsafter eight days.
The changesin E,,, are probably dueto formation iron chlorides, iron oxides and iron hydroxides
on the steel surface. Film formation results in more positive potentials, whereas a decrease in
potential isassociated with film breakdown. Asexpected, E,,, for steel wastypically more negative
than the valuesfor other materials measured a the sametime. E,, for flame sprayed Metco 450
oscillated for afew days and then showed a more nobletrend. Other than the initia reading, E,
for the equiva ent plasmasprayed coating was cons stently more noble and tended to become more
positive with time. Thissuggests, in qualitative terms, better protection afforded by the plasma
sprayed materid. E.,. only givesathermodynamiccomparison of the material srather than corrosion
rate rankings. The X-form 205 coating was initidly the most noble of al materialstested. E,,,
became more negative over the first few days and then paralleled the values measured on plasma
sprayed Metco 450.
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Figure20. Open circulit potentialsversustimefor different coatings.

Theopen circuit potentia on sprayed Ni-Al tube ends exposed to brine at room temperature
was measured for one week and compared with that for PPS and ST/TMPTMA liners. Potentials

20



were also measured on six inch long tubes with one haf sprayed with Metco 480 and the other half
coated with either PPSor ST/ TMPTMA. The potentiason the sprayed tubeswere typically within
therange of -0.63 to- 0.67 V (S.C.E.). It wasobserved that the measured potential depended on the
position of the reference el ectrodewith respect to the axia length of the tube. Potentialswere more
positive near the tube end and this was associated with greater coating thickness. The most
significant finding was that potentials on the sprayed Ni-Al tube ends were consistently more active
than those for tubes with composite liners. This suggests that the Ni-A1 coatings will corrode
preferentially to the liners for the experimental conditions and this raises concern about the
suitability for the gpplication. Corrosion behaviour will be different at the higher temperaturesand
under flowing conditionsoccurring in heat exchanger tubes. Also, deposition of scale on Ni-Al
coatingsmay influence corrosion rate.

54 Potentiodynamic Polarization Curves

The polarization curves are depicted in Figures21 to 25. Thecurveslabelled 1 and 2 inthe
figures are for replicate specimens. The other curvesare repeat tests on the same specimen. The
resultsfor all the coatingsare compared in Figure 25. The curves show the changesin open circuit
potential sand corresponding current densitiesfor the different coatings. None of the Ni-Al coatings
showed passivity over the potentia range measured. The coated coupons did not display well
defined charge transfer behaviour. Also, extrapolations of the linear portions of the anodic and
cathodic curvesdid not intersect withE_,, . Thismay be due to surface changesoccurring during
polarization.

The coatings show variable behaviour in termsof E_, i, and the slopes of the anodic and
cathodic branches. Thisis attributed to the heterogeneousnature of the thermal sprayed coatings.
For example, asingle pore that connectsthe substrate with the surface will result in significantly
different corrosion characteristics. Owing to the lack of consistency, it is difficult to determine
which of the coatings provides the best corrosion protection based on these results. Of the four
coatings, Metco 480 was the most consistent.
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55 Tensile Adhesion Strength

The resultsof thetensleadhesiontestsare summarizedin Table 1 and illustrated in Figure
26. Theerror bars represent one standard deviation. The resultsindicate that the Metco 480 (Ni-
5Al, pre-aloyed) had the lowest bond strength. The vauesfor the IC-50 (Ni-Al-B) and Metco 450
(Ni-5Al, clad) weresimilar. The X-form 205 coating was the most variable. The mode of failure
was not consistent within a coating group. |n generd terms, failure was predominantly cohesivefor
the Metco 480 coating.

The results can be compared with those published in theliterature. McPherson and Cheang
(1989) found higher tensile adhesion strength on pre-alloyed Ni-Althan clad feedstock. Svantesson
and Wigren (1992) measured an average tensile adhesion strength of different Ni-5Al coatingson
anInconel 718 substrate. Clad Ni-5Al powderswith minimal B produced adhesionstrengthsranging
from 52.2 t0 55.3 MPa. Strengthsfor the coatings prepared fiom gas and water atomized powders
varied with chemistry and ranged fiom 38.4 to 65.3 MPa. The highest adhesion strength was
achieved with the material containing0.2%B. Thisconcurswith the high strength measured for the
Ametek | C-50 coating which contained B.

Table2. Tensleadhesion strength of different plasma sprayed Ni-Al coatings.

Coating Tensile Adheson Strength (MPa)
Mean Standard Minimum Maximum
Deviation
X-form 205 50.0 14.3 220 74.0
Metco 450 709 4.9 584 74.8
Metco 480 39.2 5.7 26.9 48.8
Ametek |C-50 | 76.9 | 6.5 [ 60.8 | 82.9
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Figure 26. Tensileadhesion strength for different Ni-Al coatings.

5.6  Microhardness

The microhardness data is presented in Table 3 and Figure 27. The X-form and IC-50
coatings have significantly higher average microhardnessthan the other two coatings. Thisshould
correlate with greater wear resistance. Khor and Loh (1994) measured the average microhardness
to be 139.1 on plasmasprayed pre-aloyed Ni-SAl and 203.4 on clad Ni-20Al. Hot isostatic pressing
wasfound to increasethe coating hardness. Average microhardnessof ten different Ni-5Al coatings
tested by Svantesson and Wigren (1992) ranged from 145 to 203.
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Table 3. Vickersmicrohardnessof different Ni-Al coatings.

Coating Microhardness (VHN)
Mean Standard Minimum Maximum
Deviation
X-form 205 293.8 26.1 247 350
Metco 450 151.4 13.5 125 177
Metco 480 187.5 21.3 140 219
Ametek IC-50 276.1 29.9 213 324
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Figure27. Microhardness of different Ni-SAl coatings.
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57  Field Tests

Oneof theNi-5Al coated couponsexhibited cracks on the edges after testing in the volcanic
pool in New Zealand. Somerust stainswere gpparent on the Ni-5A1 coupons. Rust stlainsweredso
gpparent on theNiCr-Cr,C, and NiCoCrAlY coated coupons. It ishypothesized that the difficulty
in obtaining a uniform coating thicknesson the right angle coupon edges resulted in preferential
atack at theselocations. Aggressivespeciescould have penetrated where the coating was thin or
porous on the edges and initiated corrosion. |If the coating had been of uniform thickness, the
performance may have been better. Theethylenemethacrylicacid coating did not show any visible
signsof deterioration. Thisindicatesthat the material ispromisingfor geothermal applicationsand
it has already been explored for low temperatureapplications (Allan et al., 1998). Figures22to 24
show cross sectionsof the couponswith aloy coatingswhere disbondrnent had occurred. A layer
of corrosion productswas evident between the coatings and substrates.
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Figure 22. Cross sections of Ni-5Al coating and substrate after exposure (25 and 50X
magnification).
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Figure 23. Cross sections of NiCr-Cr,C, coating and subgtrate after exposure (25 and 50X

magnification).

Figure 24. Cross sections of NiCoCrAlY coating and subdrate after exposure (25 and 50X
magnification).
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6.0 Alternativesto Ni-Al1Coatings

Since the corrosion performanceof Ni-Al appears less than optimal and there is concern
about coupling an alloy coating to a barrier coating (the thermally conductive composites),
alternativemeansof coating the tube ends should be considered. 1t would be preferableto use an
ambient cured polymer with the appropriatedurability in high temperature brine. Thermal sprayed
polymersmay also be suitableif they can be applied to the tube ends. In any caseit is necessary to
apply the end coating after roller expansion to prevent damage. This problem and possible
alternativesarecurrently being discussed with coating manufacturersand commercial heat exchanger
liner applicators.

70 Conclusions

Plasmasprayingthe internal diameter of 0.875 inch heat exchanger tubes with Ni-Al can be
achievedto adepth of about two inches with an extension nozzle. However, the coating thickness
isvariableand the surfaceisrdatively rough. Furthermore, the coatingsare porous. Thefour tested
Ni-Al coatings provided some corrosion protectionto bare steel in hypersaline brine. Measured
corrosion potential sindicated that the Ni-Al coatingsare active towards steel coated with thermally
conductivepolymers. Thissuggestspreferentia corrosion. Substrate corrosion occurred on Ni-Al
coated couponstested in avolcanic pool in New Zealand with Ssimilar chemistry to geothermd brine
although this may have been associated with difficulties in achieving a uniform coating on the
coupon edges. It isrecommended that aternativesto Ni-Al for safe ending heat exchanger tubes be
explored. Specifically, a durable and scale resistant polymer-based barrier coating that can be
applied after roller expansionof thelined tubesisrequired. Another dternative would be to modify
the current processfor application of the thermally conductive composites so that the tubes can be
lined in-situ after connection to the tubesheet.
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