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Sacrificial (and Self-healing) Metallic Coatings ¥E ENERGY

* Sacrificial coatings are used for
corrosion protection.

e Zinc is a common sacrificial
coating.

* However, Zn corrodes too fast in
NG pipeline conditions.

e Can we slow Zn corrosion inside
NG pipelines?

e Can we form micro galvanic cells
to control Zn corrosion?
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Cold Spray Coating Technology ¥E ENERGY

THE COLD SPRAY PROCESS
SUPERSONIC PARTICLE DEPOSITION
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https://vrcmetalsystems.com/what-is-cold-spray/

Coatings | Thickness

428 + 5.1 300 450 ~ 0.32+0.13
304 £ 7.0 300 450 ~ 0.5+ 0.28
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Electrochemical Results: Cold Spray Coatings N=|Naronat

[ ]
ENERGY
Immersed In a CO, Saturated Nacgl Sqlgtlf)pl TL [Ectooey
pen circuit potentia
. . 0.6
Electrochemical Reaction Autoclave (ERAC)
m : - Electrochemical Impedance
-0.8 ././.f.,.,.l’t
1 8 _09_: Carbon steel coated ZnCr SpeCtroscopy (EIS)
= Reference 2 0] .,ofOf"“""J_' HDGS Carbon steel 1018 = 1h
electrode > ] - PR 2 R e 4h
Stirring/impeller 4] S & 5 = . 4 12h
g/imp % B ] */*/ - gzo LI RN - v 16h
Working electrode O 1 LaaatTh Q A *
1 Carbon steel coated with ZnNb — n
-1.3 4 = u
Thermocouple ] | | | | | N .
0 5 10 15 20 25 !
Counter Time (h)
electrode Potentiodynamic polariza!ion curves 0 20 40 . 60
/Coz inlet carbon steel coated with ZnNb Z'-Rs (QOcm*)
0.0 1 Carbon steel coated with ZnNb
W o2
%) 12
2 -0.4 4 (?10
g Carbon steel 1018 E
> ) S -0.6 T & 8
__Teflon liner = 08 s
I'E -1.04 -NI 4
Autoclave 2 ] 5
” / VGSSE' 8 1.2 C?rhunsteelcoated__ (;
-1.4 (:arbons'teelt:uatedwi'than‘lb-m\AQm;nNh-24h T !_Q__Z_ _|4 6 8 10 12 14 16 18 20 22 24 26 28
102 107 10° 101 107 10° Z'-Rs (Qcmz)
Pco, = 4 bar, T=40°C, 3.5 wt% NaCl, pH, = 3.87, pH;,, = 3.9 Current Density (A/m?)

U.S. DEPARTMENT OF




Corrosion Mechanism of ZnNb
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In“t+2e-o7In  Ey=-0.76V Corrosion of Zn and formation of ZnCO,
E,=-1.099 V

Electrolyte

l Nb3* + 3e- & Nb

‘_ -

T CatvanifBirrent

Anode Cathode
Less Noble Metal I More Noble Metal
Galvanic/Bimetallic Corrosion of dissimilar metals. ©Poma Architectural Metals ;»/’ c51018
Nb Zn
Formation of galvanic cell = Surface of Zinc >> surface of Nb
BT At the anode (Nb): (Azn/Anp) ~34.7

Nb < Nb3* + 3e-

7
* AtOCP: Ianode =1 cathode
100pm
zn Carbon steel coated with ZnNb
5 ] Zn Before exposure
At the cathode (Zn): ‘ e After 24 h of exposure
2H + 2e- < H . . . §1.2x105-
2 Oxidation rate >> reduction rate S
I anode > lcathode §40x104_ _ g
Accelerate dissolution of Nb potl l .
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Electrochemical reaction

CO, « + H,CO,
H,CO; < H* + HCOy
HCO; < H* + CO,>

Chemical reaction

Zn © +Zn?* +2e-
2H* + 2e- & H,

Chemical reaction {an" +C0,% & ZnCO;

EDS Layered Image 1




Field Test at NW Natural Gas Storage Facility N=|nanoNaL
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Probes removed after 32 days of LABORATORY
exposure to natural gas under flow Alloys CS1018 CS1018 coated with | CS1018 coated with Al | CS1018 coated with ZnNb | Hot dip galvanized
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Performance Attributes 03/2022 03/2023 03/2024 Timeline and Steps to TRL 7&8
Corrosion rate mm/y <0.025 mm/y <0.01 mm/y <0.01 mm/y Lab and field tests

Adhesion of coating on steel
substrate

ASTM C633 — Adhesion bond bar testing
and / or MIL-J-24445A Lug shear test,
Field test

Hydrogen permeation rate

Calculated (<10**mols/m Pa%> s)

<10 mols/m Pa%> s

<10 mols/m Pa%> s

Laboratory test

Application method - TRL4 TRL4 TRL5 Developed at ULC Technologies
Robotic cold spray
Cost including robotic <S$1M per mile <S$1M per mile <$1M per mile Cost analysis
deposition
Summary TRL 5 TRL 6 TRL7 3/31/2026
2020 2021 2022 2023 2024 2025 2026
TRL 2-3
Proof of concept TRL 4

Coating validation in lab
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Field test of coupons

Field test of pipe section

Demonstrating application method (robotic cold spray) with NETL coatings .




Multilayer Organic Coatings N=|Harona
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Different layers serve different purposes
After testing multiple configurations, a multilayer design was chosen.

(top) superhydrophobic coating blocks CO, and/or NaCl ———

(bottom) primer layer blocks water vapor ———

Why multilayer?

only superhydrophobic top  only primer bottom combine top and bottom
(corroded) (corroded) (inhibited corrosion)
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LbL (layer-by-layer) assembly is ideal for combining different materials together.
Typically, positively charged components and negatively charged components are alternately deposited one layer at a time.

Process

- -

polycatlons DI water polyanions DI water

<€ Hagen D. A. RSC Advances

H 2014, 4, 18354,
Corresponding structure

1 bilayer (BL)

* Thinand light

Reduce material cost

e Customizable

Avoid using toxic component
N A ‘ ‘ e Structural control

Fine tuning at nanoscale

S
S
S
S
S
S
S

Decher G. Science 1997, 277, 1232.
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The microscopically rough surface allows hydrophobic material to form a superhydrophobic surface.

Surface Cross-section

rough surface with thickness ~16 pum mix&matched SiNPs

60 and 600 nm SiNPs
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The corrosion rate was analyzed using linear polarization resistance.

short term test long term test
uncoated carbon steel _
E 100—5 -a-—a—-—0-m-g—a—0— g g-m-g—p 8 10°
g o o~ e
S stabilized at ~ 0.8 mm/year - milestone target
= 10'1—5 = (1 ) TR Uy Ry Ry RS SRSy ) g S
~ ] @
Q - 1 L T aTT99.L9e® §
3o5sibategte
T 1024 coated carbon steel - £, fffﬁff fﬁﬁ
c 3 f/i S f’f f !{
N ' 2 /f ) b!l d at ~ 0.025
) . o .
g 103 increased to ~ 0.008 mm/year E 103 stabilized at mm/year
8 _ o
10-4 YN U 10-4I'"'I""l""l""l""l """" Trrr T T
0 5 10 15 20 25 30 0 40 80 120 160 200
Time (hour) Time (hour)

Achieving a corrosion rate lower than the milestone target of 0.1 mm/year
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Mechanical test
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The durability of coating was tested according to ASTM D3359 (scratch and then peel with adhesive tape).

AT G
"G
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the coating remained superhydrophobic

before
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(top) superhydrophobic coating blocks CO, and NaCl : —
Performance Attributes | Performance Results EY22 EY23 Timeline and Steps to
(bottom) primer layer blocks water vapor By 03/30/2022 TRL 7&8
Hydrophobocity - >165° >165° Lab test
Corrosion rate 0.1 mm/y - Lab 0.025 mm/y - Lab | Field test - Lab and field tests
»® coupon
;§§ Durability - Passed ASTM Field test - ASTM D3359 and field
§§§ D3359 coupon test
e Lifetime Lab/field tests
Cost Estimate <S0.5M per Cost Analysis
mile
Summary TRL 3 TRL 4 TRL5 03/30/2026
trate
| o 2019 2021 2022 2023 2024 2025 2026
« Improve the corrosion resistance TRL 2-3
by incorporating gas barrier Proof of concept TRL4
layers.
° Enhance the applicability by Coating validation in lab

reducing the number of layers

and by adopting spray coating.
* Reduce the environmental
impact by switching to a non-
fluorinated silane.

TRL6

TRL7
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Corrosion protective composite liners N=([HmovA:
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¢ Continuous metal layer barrier for methane and hydrogen leak.

Composite liner: internal polymer layer, metal foil layer, external polymer layer.
Internal polymer layer—iprovide protection from natural gas corrosion

Metal foil layer—significantly reduce gas (methane, hydrogen) leak.

External polymer layer—provide mechanical strength.

EXFANDED LIMER INSTALLED LIMER
‘arwpat in careratrce (a) Legacy s (b)

e bl @ Exemm @ T Sormed' @ Clas Leak
[ ' g i

e T ] oy i Fretnrs Tl e




Pipeline shaped liner prototype: foil layer N=|NATIONAL
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« Continuous ultrasonic welding

0.5”

USW

Al foil _
Foil A FoilB | |¢" Foil B

R UW Joint

O AK Anvil
RIDGE >

|
National Laboratory * 1footlong, 6” and 8” diameter pipe shaped liner.




Pipeline shaped liner prototype: foil + inner polymer [N=|M4rona
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Inner polymer layer material N = [HTYA
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1. Akzo Nobel BarRust 236 «  Commercially available polymer coating for oll pipelines
« Fusion bonded epoxy

*  Preliminary results show promising bonding between coating
. . and foil substrate
2. Oceanit Coahng « Preliminary peel test confirms the durability of the coating

« Coating on the steel substrate survived with pigging process

3. Layer by layer organic coating « Successfully applied onfo thicker aluminum coupons

developed by NETL « Passed preliminary peel test
« Coupons ready for in-house corrosion test

Plan: perform adhesion and corrosion tests of all three coatings and down select.
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Proposed outer layer solution N = (MmN
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Overwrapping with polymer or fiber reinforced polymer

Dverabped braided composite over metal substrate

Steps:

1. Insert the rod into Aluminum foil layer.

2. Overwrap the composite layer over the foil layer.
3. Coil the wrapped liner structure on a spool.

4. Transport the wrapped liner structure to site.
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Gas permeation test
H2
Transducer S Gas-in H2 Retentate _ Permeate
( low-pressure He) ()
» 51 ) =d

Able to detect He gas leak and \ 4 ”'fe’ \ 4 Ar
locate the leak location :

| \ Porous
Liner = Porous Stainless
Alumina Stee

Founte - ¢ Environment: CO, Saturated 3.5% NaCl, simulated
I ‘ | Y | I natural gas environment.
L Flectrlyta * Tests: Open circuit potential (OCP)

. . Linear polarization resistance (LPR)
Structuralsupport Glass Cel Electrochemical Impedance Spectroscopy (EIS).

Teflon Blocks
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Performance Attributes 03/2022 03/2023 03/2024 Timeline and Steps to TRL 7&8
Corrosion rate mm/y - <0.01 mm/y <0.001 mm/y Lab and field tests
Application thickness Calculated (<5 mm), not <5 mm <5 mm Lab and field tests
demonstrated
Hydrogen permeation rate Calculated (<10"** mols/m Pa®%> s) <10**mols/m Pa%> s <10**mols/m Pa%> s Laboratory test
Spoolable - - Yes Lab and field demo
Lifetime (based on - 5 years >50 years Lab/field tests
corrosion rate)
Cost including installation $0.73M per mile /$0.41M per mile - - Cost analysis
Summary TRL 3 TRL 4 TRL 5-6 3/31/2026
Zq_%gz R 2022 2023 2024 2025 2026

Proof of concept TRL 3-4

Liner validation in lab

% U.S- DEPARTMENT OF Demonstrating scaled up manufacturing and installation
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Composite Liners

EXPANDED LINER
“eriarped W0 Seroralate (a’

Metallic Coatings Organic Coatings

1 bilayer (BL) réoTaton st 10 e

Electrolyte

—

Galvani¢Current

Anode Cathode

Less Noble Metal I More Noble Metal

ic Corrosion of dissimilar metals. © Poma Architectural Metals

CS1018
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Pipeline Materials
Technologies for Mitigating
Corrosion, Methane

Emissions, and Hydrogen
Embrittlement

VISIT US AT. www.NETL.DOE.gov

) eNErL_DoE

() @NErL_DOE

o @NationalEnergyTechnologylLaboratory

CONTACT:
Omer Dogan, PI

omer.dogan@netl.doe.gov
Ruishu Wright, TPL

rvishu.wright@netl.doe.gov
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