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Objective

To design a pulsed thermal spray (PTS) metal
coating, for use in aerospace applications, with
potent corrosion functions, including strong
barrier, sacrificial anode, and inhibitor properties.

Motivation

Al-cladding suppressses exfoliation corrosion, pitting, and stress corrosion
to a degree, but:

« lacks a sufficient potential driving force for extensive throwing power.
« lacks an active inhibitor.

« the benefits of cladding are lost during repair and cladding is not field
replaceable.

Coating Attributes

A “good” coating acts as barrier, sacrificial anode, and has inhibitor
properties.

* Barrier: Defined by E,(Alloy) > Epr(AA 2024-T351), pore free, good
coating-substrate adhesion, alloy composition (increased Co. conc.), an
absence of intermetallic compounds, may desire amorphous structure to
improve barrier.

« Sacrificial Anode: Defined by Ep(Alloy) < Eqp(AA 2024-T351), alloy
composition (increased Ce conc., decreased Co conc.), minimum oxide on
particles, may desire crystalline phases present.

« Inhibitor: Defined by release capability, alloy composition (increased Ce
conc.), minimum oxide on particles, amorphous structure not required.

Alloy Development
Al-Co-Ce System Map?
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XRD Spectra of
Alg,Co,Ceg at% MSR?

» An amorphous structure usually requires cooling rates greater than 10° K/s.?

* XRD for the as-quenched melt-spun ribbon (MSR) and the crystalline microstructure of the
isothermally high temperature heat-treated material at 100 °C for 100 hours and 550 °C shown
above right (where ¢ indicates Al, ® indicates Al,Co,, and m Al,Ce).

» The amorphous structure is stable even after significant heat treatment.

Coating Metallurgy
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Table of Compositions:
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Model of Eqcp and Egp for Al-Co-Ce Alloys Over
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1. Mixture Injection

This model
demonstrates the
range of Ep and
Egp possible within
the Al-Co-Ce alloy
system, confirming
the feasibility of this
material as a
sacrificial anode.

-Co-Ce Alloy System
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2. Initiation and Ignition
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PTS Coatin gs Nominal Composition (at%) | Actual Composition (at%)
Powder Alg8-Co10-Ce2 Alg1.6-Co-13.7-Ce-4.7
" May AV5 [May PTS AV5 AI88-Co10-Ce2 Al78.2-Co15.5-Ce6.3
April PTS A3 AI88-Co10-Ce2 Al84.7-Col1.0-Ce4.3
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Powder | * The nominal composition is AlgCo,(Ce, at%.
¥ « Semi-quantitative EDS results indicate the actual coating
E T composition varies spatially and between samples.
. ' i ' « There is generally good agreement between the expected and
actual composition.
XRD Spectra * The composition of the PTS coating
T S 1 and feedstock powder is AlggCo,(Ce,
| at%; the composition of the MSR is
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J N ) « The PTS and feedstock powder
hash emmnnene | diffraction peaks correspond with fce
- ) o N p D

*KEY RESULT* A nanocrystalline PTS coating
with possible intermetallic compounds forms
after heat treating.
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« The PTS coating was heat treated at

275 °C for 6 hours and 285 °C for 3
hours.

PTS Coating Conditions

PTS Prototype In Action®
P 7'

« The sprayed samples in this study were
formed by depositing an Al-Co-Ce alloy onto
an AA 2024-T3 or AL-6XN stainless steel
substrate using the PTS (Pulsed Thermal
Spray) process.

« Cooling rates for <20 pum particle sizes
can reach 106 K/s.>

« Coating thickness range from 75 to 600 pm.

« Purging gas, stand off distance, and powder
flow rate are just a few of the variables for
each coating.

« Tests in table below performed in 0.6 M NaCl, deaerated.

B - E,; PTS > Ep;p 2024 []=Eqcp PTS < Egp 2024

Spray Group/Dates Samples Composition | Composition | Coating Thickness | _Substrate Epit Range GCP Range
(atd%) (Wt%) (micrometers) Material | Lo/Hi (V vs SCE) | Lo/Hi (V vs. SCE)
March 2006
03-22-2006 AT-AB. AIA | AlB5-Co8-Ce7 | Al61-Col6-Ce23 125-250 AA 2024-1351| 0698 /-0632 | -0.8787-0:820
July 2006
06-29-2006 A Al85-Co8-Ce7 | Al61-Co16-Ce23 200 AA 2024- -0.695 -0.889
07-07-2006 Al A3-Ad4 Al85-Co8-Ce7 | Al61-Co16-Ce23 200 AA 2024-T3 -0.711/-0.628 -0.904 /-0.794
07-07-2006 A6, AB-A12, A14 | Al88-C010-Ce2]| Al73-ColB-Ced 200 AA 2024-T351 ~0.862 /-0.788
07-07-2006 Al6 Al86-C010-Ce4 | AI67-Co17-Cel6 200 AA 2024- -0.636 -0.797
December 2006
12-08-2006 A1-A2 A5-A12 |AI88-C010-Ce2] Al73-Co18-Ce9 200-400 -0.865 /-0.795
12-12-2006 AG-AB. A11__|AIB8-Col0-Ce2| Al73-Col8-Ce9 400-500 ~0.879 /-0
12-13-2006 A2-Ad Al88-Co10-Ce2| Al73-Co18-Ce9 500 -0.875 /-0.851

[February 2007

02-12-2007

AlB8-Co10-Ce2

Al73-Co18-Ce9

02-12-2007

ALAT7.AL2
AB-A9

Al88-Co10-Ce2

Al73-Co18-Ce9

150-600
600

02-12-2007

AL0-ALL

Al88-Co10-Ce2

Al73-Co18-Ce9

300-600

[April 2007

04-26-2007

AL-A4

Al88-Co10-Ce2

Al73-Col8-Ce9.

400-500

May 2007

05-01-2007

AVI-AVT

Al88-Co10-Ce2

Al73-Co18-Ce9

75-150




Surface Features and Real Area
SEM Micrographs of Common PTS Coating Surface Features
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*KEY RESULTS*

* Surface roughness significantly increases the

surface area.

 Enhanced surface area may increase the

'y apparent passive current density, but may also
————— “ D“shmg = m —— increase inhibitor storage and release.

Confocal Micrographs * The area can be determined directly by the confocal microscope.

Polished Coating As-deposited Coating
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« The surface area can also be measured from impedance/ capacitance data. The area increases with
increasing capacitance. *KEY RESULT*

Initial confocal results indicate
the surface area of the polished
coating is 123% the nominal
area, and the as-deposited
coating is 397% the nominal
area.

Impedance 121 (a-om)

Frequency (42

Tests in 0.6 M NaCl, deaerated, after 5 min. OCP hold.

Barrier Properties
Effect of [CI]

Al,,Co,Ce, alt Ribbon

Effect of Added Defect

Al,,Co,Ce, att Ribbon

* Coating test area =
0.238 cm?

02 { * A hole drilled to
expose 2024
substrate beneath,

area =2 x10- cm?.

0.2 { Comparison of scan
in 6 mM NaCl to
sean in 0.6 M NaCl.

‘A 20247351

Potential (V,...)
Potential (V)

AA 2024351

Current Density (Alem?) Current Density (Alcm?)

*KEY RESULTS*
Effect of Heat Treatment
Factors in Barrier Properties:

Al,,Co,Ce, alth Ribbon

Coating heat treated at 275 °C
for 6 hours + 285 °C for 3
hours.

* The barrier properties of the PTS coatings
are approaching those of the MSR, the gold
standard.

Potential (V,.,)

pure Al

*Drilling a hole in the coating has proven
that defects in the coating are detectable,
therefore pores and cracks visible in the
coating must not penetrate to the substrate.

Current Density (Alem?)

All samples tested in 6 mM NaCl, neutral pH,
deaerated, after a 5 min. OCP hold, 25 °C; test
area ~8 x10 cm2 ~10 ¢cm? for MSR, unless
noted.

* Intermetallics formed upon heat-treatment
of the coating are detrimental to the barrier
properties of the coating (Al nanocrystals are
not).6

Sacrificial Anodic Behavior and Inhibitor Release
Capability

Steps for Active ipass VS. pH for
Corrosion Inhibition”  Select Al Alloys®

Alloy Composition 10

Inhibitor Storage in Oxide. ~§

Active
Corrosion
Inhibition

ogered] 10 IS
Inhibitor Release + + + - 5
o .
| * Due to the amphoteric nature
Inhibitor of Corrosion
on Structural Alloys

of Al, active inhibition can
occur at low and high pH.
Optical Micrographs of 2024 Wires after Testing
Galvanically Galvanically Galvanically
Coupled to MSR  Coupled to PTS  Coupled to PTS

(CC2)Area= 0.04cm

Small Volume Cell Schematic

amorghous alloy
NaCl solution

AA2024T3

Al-Co-Ce MSR 2024 Wire

* The cell holds ~20 pL of solution.

« The AA 2024-T351 wire and Al-Co-Ce alloy
can be chemically or galvanically coupled.

« The solution can be analyzed for Ce** release.

As polished In Cell Alone

« All cells were
exposed to pH 2 10
mM NaCl for 48
Hours.

Advanced Testing of AA 2024-T351 Wires

o CVs of 2024 afier testing in
release cells. @ve 20w Oaly

ce2 (Gatvanic Couple) w-Coating

o1 Galvanic Couple Potential of ) o
PTS and 2024, pH 2 10 mM ooz
oo | NaCL. P In pH 8.4 borate buffer, deacrated. o

UV-vis spectra of small
cell solution after

chemical testing, pH 2 10
mM NaCl after 24 hours.
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*KEY RESULTS*

* AA 2024-T351 Wires galvanically coupled to Aly;Co,Cey at% MSR or Coating experience pitting
corrosion and less overall damage than wire only tests.

*The amount of Cu replated for the AA 2024-T351 wires dramatically decreases when the Wire is
coupled to a MSR or PTS coating. The amount of replated Cu in the cyclic voltammogram (CV) is
an indicator of the amount of the corrosion damage on the AA 2024-T351 wires.

*The couple potential of the AA 2024-T351 wire and PTS coating increases initially, but tends to
stabilize after 24 hours. Therefore sacrificial protection is feasible by the PTS coating.

* Peak analysis of the red curve (UV-vis result) indicates Ce** was released from the Aly,Co,Ceg at%

Conclusions

* The best Al-Co-Ce coating ideally has a combination of good barrier,
sacrificial anode, and inhibitor qualities.

* The PTS coating powders have FCC Al crystalline phases present.
These phases remain in the deposited coating.

* The heat-treated PTS coating, with intermetallics present, performed
worse in electrochemical testing than the as- deposited PTS coating,
suggesting that structure affects barrier properties.

* The coatings show potential to be a good barrier with Ep; above AA
2024-T351 and approaching that of Al-Co-Ce MSR.

* Enhanced surface roughness of the spray coatings may allow for more
inhibitor release from the coating, thereby providing more protection to
AA 2024-T351 wires.

* Small volume release experiments indicate the PTS coating is more
effective protecting AA 2024-T351 wire than Al-Co-Ce MSR. The
corrosion mode changed to smaller pits in AA 2024-T351 and less Cu was
replated during CVs.
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MSR present in the cell during the experiment.
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