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Optimal Coating Materials and Methods to Enhance Interfacial Bonding
with Steel Pipes in Marine Environments

Myung Kue Lee*, Dongchan Kim**, Min Ook Kim**'

ABSTRACT: This study reviews previous research on various coating materials and methods designed to improve the
adhesion and durability of steel pipes exposed to real-world marine environments, with the goal of identifying optimal
solutions. The results concerning the adhesion and corrosion resistance of the pipes were categorized and analyzed
based on exposure tests in extreme marine conditions to evaluate their stability. Furthermore, a detailed microstructural
analysis of the coatings applied to the pipes was performed to assess surface damage, including peeling and
delamination. The findings confirmed that coatings effectively prevent corrosion and provide sufficient adhesion and
durability. Based on these results, we have proposed suitable coating materials, types, and application methods for steel
pipes used in marine environments and offered recommendations for future exposure tests.
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Adhesion strength of coating systems
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Fig. 6. Adhesion strength of coating systems exposed to (a)
tidal zone, (b) atmosphere zone, (c) underwater [22]
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Table 1. Coating systems applicable to steel pipe [23]

E
CX(:ZL,I:; Advantages Disadvantages
- Cathodic shielding
Pol 1
© };Zﬁz; el Simple application - SCC*
P - Poor resistance to soil stress
- Good resistance to - Limited to NPS 24(DN 600)
Extruded poly-| handling and installa- | or smaller pipe
ethylene tion damage - Limited at elevated tempera-
- Self-healing adhesive | tures under soil stress
- Simple technology - Very sensitive to temperature
Wax/Vinyl
at);/ elsny - Low moisture perme- |- Prone to cathodic disbond-
P ation ment
Asphalt ‘ - Poor r§51stance to moisture
enamels  |” Simple technology and soil stress
- Very sensitive to temperature
Coal-tar |- Good corrosion - Low soil stress resistance
enamels resistance - Sensitive to temperature
) i(s)izirclzzmsmn - Moisture absorption and
Fusi .
usion bond | _ Does not shield CP** permeaFlon .
epoxy systems - Susceptible to cathodic
- No evidence of SCC disbondment
Zlayer FBE | Good corrosion
3-layer poly- | resistance - Moisture absorption and
ethylene |- Good resistance to permeation
3-layer poly- handling and installa- |- Cathodic shielding concern
propylene tion damage
Icnézl';;agl Advantage Disadvantage
- Low water vapor
permeability - Low impact
Phenolic |- Good carbon dioxide, |- Low flexibility
solvent, and abrasion |- Moderate caustic resistance
resistance
- Good abrasion
Flexible, - Increased water vapor
- Good slat water resis- | permeability
Nylon tance - Reduced acid resistance
- Resists depressuriza- | compared to phenolic
tion
i Improved: ﬂe)ﬂ?:nhty - Increased water vapor
Epo and caustic resistance ermeability
Poxy compared to phenolic P Ll
phenolic | Resists depressuriza- |~ Reduced acid resistance
tion P compared to phenolic
1 ey
mprovec? ﬂex1?:>1hty - Increased water vapor
Epo and caustic resistance ermeability
POXY compared to phenolic, P . .
novolac-FBE | Resists depressuriza- |~ Reduced acid resistance
fion P compared to phenolic
- Flexible
- Good salt water - Increased water vapor
. permeability
E -FBE t;
POXY i llr;::zs?snicrfst allation - Reduced acid resistance
- Handling damage compared to phenolic

*SCC: Stress Corrosion Cracking, **Cathodic protection
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Table 2. Durability test results corresponding to different type of coating

T f E i t
No. su)l;ls);‘:te Type of coating *P Osizztex:}?gglen or Test results (including pull-off bond strength values) Ref.
-S tion between the coati terial and th le due t
1 |Steel Polymeric coating Marin environment épara ton be een. ¢ coa 11?g ma e.rla and the sampie due to 21
high temperatures in the marine environment
Phenolphthalein &
2 |Steel pole r:s)tgr aem Marine environment - The degree of rusting (percentage of area rusted) was tested 30
2
3 |Steel Graphene Coating Salt spray test - Graphene coating excels in corrosion resistance 24
50% 10% weak
4 Steel Polyurethane aci(; average 1o we - Polyurethane coating exhibits excellent corrosion resistance 25
5 |Steel pipe | Polyethylene Marine environment - PE coating demonstrated excellent protective performance 27
Polyethyl lycol
6 |Steel O yeryene gyco Freshwater exposure test | - The fouling growth and adhesion of PEG compared to steel 28
(PEG) copolymer
7 |Steel plates| Epoxy Resins Marine environment - 1.41 MPa (average) 31
8 |Steel plates| Epoxy Resins Sea water - 2.12 MPa (average) 31
- Investigation of the Splash Zone, Tidal Zone, and Sub d
9 |Steel pipe | Epoxy Marine environment nvestigation of Hie Splash cone, & one and Submerge 32
Zone
E /Glass Flak
10 |Steel pipe poxy/irass Flate Salt spray test - Above the minimum requirement of 5.0 MPa 33
Composite Coating
. Harsh marine environ- - Analysis of the mechanism behind the adhesion enhancement
11 |Steel Fusion-bonded epoxy . 34
ments of coatings
24 h immersion in 3.5 . . . . .
12 |Steel Epoxy Wt % NaCl solutions - Suggestions for enhancing the adhesion of polymeric coatings | 35
13 Steel Fusion-bonded epoxy Accelerated corrosion . Analysis. of the strengths and limitations of epoxy-based pow- 29
test der coatings.
50% 10% weak
14 (Steel Polyurethane ac'c(l) average 10% we - Polyurethane coating exhibits excellent corrosion resistance 25
i
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Table 3. Durability test results according to different coating layer

. Exposure environment
. L Type of T | f.
No ayer Substrate ype of coating or test method est results Re!
1| Two layers Steel Pipes Epo.xy/ Glass Flake Com- Salt spray test Above the minimum requirement of 3
posite 5.0 Mpa
FBE primer, . .
2 |Three layers Steel polyolefin co-polymer, Corrosion test Comparls.on of adhesion bétween 3 29
layer coating and FBE coating
polyethylene layer
Exploration of hi
3 | Three layers Steel Three-Layer Polyethylene |3 wt.% NaCl aqueous solution *P .orat1on of methods to enhance 36
coating performance
ification of 11 i
4 | Three layers Steel Three-layer polyethylene | Adhesion observation Verification of the exc.e ent adhesion 22
of the three-layer coating
Three-Layer polyethylene showed
5 |Three layers Steel Three-layer polyethylene Hot water test good resistance to water and chloride | 37
(80°C for 2 days) .
permeation.
Layer of polyethylene is a very good
6 |Three layers steel Three-layer polyethylene |Leaking water test protective to prevent physical dam- 26
age.
Study of Cause Separation g
Highlighting the strengths of th
7 | Three layers Steel Three-layer polyethylene | of the Coating 3-layer Polyeth- (GRLEHHNG The S rengths ofthe 38
o three-layer coating
ylene Pipeline
Use of materials to harness the supe-
8 |Three layers Steel Three-layer polyolefins | Characterization study rior characteristics of the three-lay- 39
ered system
Polyethylene layer i -
9 |Three layers Steel Three-layer polyethylene |Characterization study © },]et yleneayerisa \.Iery good pro 40
tection to prevent physical damages.
Suggested research directions for
10 |Four layers Steel Epoxy, polyurethane Marine environment coatings exposed to marine environ- | 22
ments
oyt FBE e Wr} 52 MRS wolri[20]. T8 F7 3.0-
t 8 m @ (@ ®) 3.5 mm®| PEE AJ % Three-layer PE &2 <=3} F2+
R - — : 2 w3lsto] ol = 2}l e R o Y BEas|o] 4
[ 0 @ el B 1 E) Qi Th[22]. = SF, Three-layer PE F & -2 9
C (g) n - - - - - -
— - : B AT AT AoHE o] AE APHS B
e L iy TR o 280 £1& FAA ZTH37,38]. o]0 EHdto] e
- ﬂﬂ! O m i i 71AA EE B85t epoxyel 4414 714 polyolefin
() ® Agstol St 2 S5 dhe] 434 (cathodic
(a) Coated pipes (g) Second layer  (m) Bare pipe for coating disbanding resistance)2 23|35} Three-layer polyolefins
(h) First la (n) Pre heati & Yer POl
dv for dispatch 1rst layer n) Pre heating . - .
(b)r:iam}l' i::P;ng:n (i) Main heating  (0)Shot blasting coating©] 7] Q=] ] t}[39]. ©] 2] 3t Thee-layer polyolefins 2]
Cut back (j) Acid washing  (p) Post blast inspection Q o 2 =S =
e e e ARG} B 927t o8] EAfskAR A 204 Fob
(e) Quenching of m gtloret‘g:i: ;f Shot  (r) Coating Line Q3% HA A8AL B TH23]. T3 Three-layer® I8
Coated pi aste 1pes _ _
iy = 3H9& A2tk Four-layer®] WAl 0 2 385491 Alof

Fig. 7. Multiple layer coating process [42]
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(DFT : Dry film thickness)
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Fig. 8. Adhesion test results against each coating type (the fig-
ure is adapted from reference [33] with design modifica-
tions)

Table 4. Cathodic disbondment of coatings applied on sub-
strates with different pretreatments [43]

=3 HPPC
40 I ree

20

Pull-off Strength (MPa)
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No. of Sequences

Fig. 9. Pull-off strength values of coated panels after acceler-
ated exposure tests [29]

Table 5. Cathodic disbondment analysis of the 3LPE coatings

applied on substrates with different pretreatments [36]

. Voltage Delaminated
Coating pretreatment W) Day radius (mm)
Blast cleaning -1.5 28 28
Three-Layer | Blast cleaning 15 28 17
Polyethylene | + acid pickling '
Coatings | Bast cleaning
-1.5 28 10
+chromating

Dry Fil
. |Number , r.y o [Exposure
Coating Generic type Thickness
of coats [days]

[um]
A 1 coat | Solventless epoxy 171£9 56
B 1 coat | Solventless epoxy 311+ 11 81
C 1 coat | Solvent borne epoxy 69+1 56
D 1 coat | Solventless epoxy 91+1 56
E 2 coats | Epoxy + epoxy powder| 247 +2 81
F 2 coats | Epoxy + epoxy powder| 228 +1 81
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Samples from the splash zone
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EEELE & D L R R ke X apapel 7)ol3ke Bhelsteleh. S5, FBE 298 5
nhEs A7EEe] F% £4E of/|8 Hs Aol gtk = o B oA 5] WASHE GBHE o] Lol T B
ol 4L SRl waE Fue WPy 2 oA o ol AFstel A4S ST
Astel] 2 L ALk AAR HGRAY oIS B 3) GRY, wxolu|ThE, dEneE el 5o JopAlE
gt W52 E7H]3t A 3H(inevitable defect)S FEhAlZ B SUsHH, 2o WA A Bl Fake o] A4 H of
5k ol ek 25 ¥ 5 (cathodic protection)2} 3] ©] 4% B2 02 AER olF &S FIFH 0B YA
S 717tk B3| GieH44). Thk, of bl 519 73 glon 3], wlxolu|chEe G4 Ewt Ze s
£ 3729 PS4 dglon] ol Hi Ew #elol SRS Fo) 4 RS Gl AskE o)L
U 559 ute)sh S E A oret. ol mHE TS RS vh o mapaolglrt
Sol 29| U E Alofst=t] Sat g skl7] 4 e T3l AP 1Y 7 SR oS 299 4
o2 FehEy. AR R Farey I o ek of| 4 <] ol AHero 7)o Ak JRE Ao R oA
AR Sl GFE 7IZIh g e e E 2Y sto] 71A12] &gat 74 AddE FEATIE Ae
Amel A4 71we] F2po] pd A H a3 v AdstFon b3 of|FA] 9 F "t 2/ AlLES
2 7He S WE e R ARyt AEH o, AHgh T AR MRS ol BAES FAE] AR
Azt 72 e aPste] d3hd A" A & 5) SEM oJu|x] #4125 Sl #af =2l 2 d3 5
Table 6. Microstructural inspection results according to exposure environments and coating materials
Mi tructural i ti
No Substrate Exposure environment Coating ierostructura’ inspection Ref.
(SEM)
1 Steel Underwater Epoxy Residual void, Crack 31
Mi king, detachment of
2 Steel pipe Corrosion environment FBE 1crocra? 11§ detachment o 29
filler particles
3 Steel Wear environment polyurethane Damaged surface, weight loss 46
4 Steel sheets Corrosion environment epoxy Ineluctable holes, cracks 44
5 Steel Wet dry environment Epoxy Prevented delamination 35
6 Steel Corrosion environment enamel coating Reinforcing interfacial bond 47
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FE7HEAE e, ko] Aol gt A9
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2 At a8 = A BA WS R
A717] 913 2| H o] IY A= TS AR5 fIgk 7]
Whe Alg-she 53], PE W FBE 319 9] 23}, 349 A
92 AL, O 7Y 2 U 1 A HH3E
Z9te o gk A2 A A7) B5S SoisketaL
s oA FA ZAIE sfdshs o o qTE
3t 7oz ZtfE ) 24 I AR Z442e] S f &
Aol 9| 27 E]ojof s, o] & Faf ] =1 A
FA RS v Ao 7hsE Ao w wehEnh £33, AU
oA gt 4 B A, AskE 2 A =2 AW, =5
4 ARG e A A S-S BARE 5
AR A A s Fet o] dA 2318 FZstA Liyst7)
o= A7 itk AA| Rl E ] ] FAAd
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