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Introduction... Hydrogen

Clean, safe & flexible EU Hydrogen vision by 2040
Can be transported Produces clean ¥ M3 e frcs aaiating B0 e :
over long distances, power andlor heat ~———— NewH, pipelines >
allowdng the distribution of for transpottand . Possibie additional routes
energy between couniries. stationary applications

° ndustial dusters

o>

Can bes produced without Has a high Required as a clean
a carbon footprint encygy density, feedstock in industry
lhrough eleclrotysis making it suitable When recycling

or SMR + CCS for long-term storage captured CO;
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Infroduction... Hydrogen

Compan [ km | Miles |

(tevision of ASML B)112-2011)

Air Liquide 1936 1203
Hygfgge"lopipmg Air Products 1140 708 —
an ipetlines : ow grade,
Linde 244 152 low design factor
ASME Code for Pressure Piping, B31 P raxair 739 459
Others 483 300
World Total 4542 2823 Relatively small diameter
Iy
U.S. 2608 1621
AN AMERICAN NATIONAL STANDARD Europe 1598 993
EHD) o st sty @
C? ehssciigaret™ et s i Rest of World 337 209
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Introduction... Hydrogen challenges

Can | convert my existing pipelines?

Conversion

How | Manage the integrity of

my H pipeline?

Operations
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Introduction... Hydrogen challenges

| Hydrogen at surfaces
and surface oxides

Y009 90009
'000.003.90000' 4
FO00000000% %)

.

1 Hydrogen at surface
! cracks

Hydrogen at crack tips
and internal Interfaces
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Interaction vs Steel Materials

Hydrogen Embrittlement

Hydrogen-Induced Cracking
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Introduction... Hydrogen Cracking in hydrocarbon service?

POLARLLL L LR L LRI R LD R L LR AL L R R LRl e
. -

HIC HIC SOHIC sscc

CP overprotection H,S

ICorr MCF 30 04 21 - Addressing the risk of Hydrogen-Induced Stress Cracking on pipelines — ROSEN Daniel Sandana



INSTITUTE OF MARINE
CORROSION CORROSION

INiNdO4

FOR ALL WET CORROSION ISSUES

Introduction... Hydrogen Cracking

Damage at a greater scale
than gaseous H!

psSUNSIIIRERNTIRIRRERIR RN,
.

...Hydrogen permeation...

CP overprotection
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Introduction... Hydrogen Cracking
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Introduction...

HISC in CS PLs

H absorption (onshore)

HISC in duplex SS
(subsea)

HE concept
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Atomic H abs... CP

Electronic transfer == O, diffusion

H adsorption (Volmer reaction)

Oy + 3H 0 + 40— 4T
Fa=Fe*s 30

2H,O0 +e- & Hyy + Hyo + OH-
(H,O* + e- © H,,. + H,0)

H chemical Desorption
(Tafel reaction)

Hads i Ha-ds & HE

H absorption

H Electrochemical Desorption

(Heyrovsky reaction) Very alkaline Hage @ Hmetal

solutions
Hads + H30+ + e-& H2 + bgo

Large cathodic
+ H,0 + e- & H, + OH- overpotentials

-

Membrane Permeation
a [H-ads]

H

ads
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Atomic H abs... CP

H absorption

Hads & Hmotal
Permeation falls / remains constant I Membrane Permeation
At large overpotentials . a Vi
And in very alkaline solutions < !
| Assumes H Permeation current
Electrochemical desorption takes over 2 < H, evolution
|
Steady state permeation currentAcm-1)
8 3
. I
Mild steel sheet

16 Thickness 0.33mm . = Plate 1

14 35% NaC),25C | =+~ Plate2

3 -5 Plate3

Umist, Obuzor, PhD1989
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Atomic H abs... H,S

Internal environment | Sleel

« Steel materials
* H,S environment

»"  Absorption:

- st(g) + Hzo - st(aq)

° Fe(s) + st(aq) -> FeS(S) +

- 2 H(ad) '9 H2(g) 3 Absorptlon

L3
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HE... Definitions

Material degradation caused by the presence of atomic hydrogen under load. It is manifested in:

v Strain hardening rate
v TensiI% strength

v" Reduction in area

v" Fracture toughness

v Elongation to failure
v Crack propagation rate

Degraded material often fail prematurely and sometimes catastrophically by cracking
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HE... Mechanisms

v The effect of hydrogen on the plastic behavior of metallic materials is somewhat complex
v" To the non-specialist, theories of hydrogen effects seem very confusing and mutually contradictory
Embrittlement theories

v Decohesion ... Vs .... Localised Plasticity !
v" Hardening .... Vs .... Local Softening !

Viable Mechanisms usually quoted

Dependent on
microstructure, yield strength, number and structure
of slip systems, specific material/environment system

+ Stress Induced Hydride formation and cleavage
.... Metals with stable hydrides (Group Vb metals, Ti, Mg, Zr and alloys)

« Hydrogen-Induced Decohesion (HEDE) Likely to be driven by a synergistic combination of
aspects of the different theories

» Hydrogen-Enhanced localised Plasticity (HELP)

» Adsorption-Induced Dislocation Emission (AIDE)
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(5.2 Lynch)
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1960s -1970 s ... Oriani, Troaino...
Role of hydrogen is to weaken the interatomic bonds (...)
facilitating GB separation or cleavage crack Erromh

v" Supported by Quantuum-mechanical Calculations
v" High H concentrations observed at GB and

particle/matrix interfaces

v Direct fractographic evidence is lacking. ..
Fealureless Fracture surface? ... Shalfow dimples? ...
SEM resolution?

v" How to explain T.g. cracking?.. H concentration at
triaxfal tensile stress?
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HE Mechanisms... HELP

v" Hydrogen-induced shielding of the Intgractions between microstructural defects, dislocations
v" ...hydrogen acts by reducing the stress required for dislocation motion....
v" ...crack propagation occurs by highly localized slip due to local softening by hydrogen at the crack tip.. .

v" Failure is by localized shear processes occurring along slip planes: shear localization

g S amartn | e RS S S » Plastic zone without H
High hydrostatic stress -~ S~

and H concentration . < z -
~.  Less strain localisation

p HELP ¢

‘ O ;;< 3 Y ¥

25 7 By ' More erack blunting

Crack = ) ! '

7 \ \\,_ Ho- /Higher overall strain for
2 / : B, el ! microvoid-coalescence

Dimpled fracture surface ‘\ S 4

2 Deeper dimples

- -
___________
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HE Mechanisms... HELP

(S.P. Lynch)
B
v Intergranular fracture occurs by localized ductility in the region v" Transgranular fracture surfaces are highly deformed despite the fact
adjacent to the grain boundaries macroscopic ductility is reduced (localized shear processes

occurring along slip planes)
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HE vs SCC borderline

Borderline??

The 1980s SCC spectrum
) CS Brass ySS Alalloy LCS Tialloy Mg alloy HSS
Anodic Hydrogen :
NO3 NHy, CF Sat GCOMHCOF ... ... .1 =7 S, SCC Parkins
OH- (etc) OH-  water water spectrum
HCO3/CO3~ HT water
Ere-existing active paths Specific adsorption at sub-critically st?essed sites

Strain generated active paths

-

Hydrogen influence and embrittlerﬁent?’?
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HISC in onshore PLs... Morphology

HISC

HIC
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HISC in onshore PLs... Occurrence

Dents, gouges

»m.—

Coating
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Macro-plastic deformation
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HISC in onshore PLs... Occurrence

2 HZO te-& Hads + Hads+ OH-

Hzo +e- & Hads + OH-
Hads + Hads & H2
Hads & Hmu(a:

OH-, H,

/.—

T ? <>
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HISC in onshore PLs... Occurrence

...CF overprotection... <-1.2 V OFF CSE

...AND Fresence of substantial plastic deformation...

Micro & Macro

...Presence of hard spots... HY>400

-::]l_i::] '”F_ELI,ZHEH_: ".'Jlﬁ' |‘1|!_E|_i1. '."I-'.;_‘. "é"—é“_'[ NI

(X80}
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HISC in onshore PLs... Some cases...

v' 1967... X52 crude
v' 1987... SNAM...24" X60 (1968) gas
v 1988...Rotterdam-Anvers... 34” X60 crude

v 1985... 12" X60 gas
v 2017... X52 (1967)

10" X52 (1967)

v" Other considerations?
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HISC in onshore PLs... Management considerations

HVAC interference issues

I =t (onshore)

JoHpc<5 & Jpc>10 Aim?

Why IS my pipe! ine overprotected?

...Long transmission pipeline corrosion...
(onshore) 3

Underprotection issues
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HISC in onshore PLs... Management considerations

Understand your materials

...Design vs actual...

-Q lz L oyis s i ’ «* » “ v,
O R e g DR i
S , e 35 g J}*‘M

g it
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HISC in onshore PLs... Management considerations

ID hard spots

RoMat-DMG
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HISC in onshore PLs... Management considerations

ID geometric anomalies

...Dents, gouges...

ID high bending strain areas

RoGeo-XYZ
...geohazards...
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HISC in onshore PLs... Look ahead...

Hydrogen transport ... CP criteria?
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CRAs offshore

Jumpers, manifolds, tie-in spoals, bolts, fasteners

First CF HISC failure —

Mo CP HISC failure raported

EU... multiphase pipelines / corrosive env.
...Rigid or clad/lined. ..
Rigid risers...22Cr / 25Cr

Hm of plpes lald

Year ... field gathering pipelines to manifold...

Overview of duplex stainless steel in subsea pipes from 1975 to 2004
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SS vs. CP (offshore)

300 OFF CP CS pipelines / structures
= First CP HISC failure as low as -1100 mV Ag/AgCl

2w -

i No CP HISC failure reported

s ...CRA CP criteria... Pitting...

§ CP as high as -700 to -500 mV

... Duplex SS OFF CP criteria...
-500 to -800 mV Ag/AgCl

Year

Overview of duplex stainless steel in subsea pipes from 1975 to 2004 ISO 15589-2
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SS vs. CP (offshore)

Duplex SS vs HISC
...Lab test as early as the 1980s....
300
First CP HISC failire —

= D ...lab test. ..
2 20 m— HISC issue for YS=750 MPa
é No CP HISC failure reparted
5
§

... weldable 22Cr or 25Cr (subsea)...
SMYS 450 to 550 MPa

Year

Owverview of duplex stainless steel in subsea pipes from 1975 to 2004 HISC not a pmblem‘?

ICorr MCF 30 04 21 - Addressing the risk of Hydrogen-Induced Stress Cracking on pipelines — ROSEN Daniel Sandana



INiNdO4

INSTITUTE OF
tconnosno~

FOR ALL WET CORROSION ISSUES

HISC on DSS... Incident Cases

m Op/Field Subsea Failure location

Hub - Parent

st CAIISC faline 1996 Foinaven BP 25Cr (non-painted)
250 —————————
2w 1997 Amerada Hess 22Cr Tie-in spool - Weld Toe (to anade)
i No CP HISC failure reported (Blistrered coating)
: Flowlines - parent
g 1998 Britannia 22Cr (Rock dump — disb. coating)
""""" Hub — Girth Weld
| ‘ ' 2003 Shell Garn West 25Cr (non-painted)
BEEEE223RERERERERER YEREE
Year
2003/4 Chevron 25Cr Tee connections —Fillet Weld
Overview of duplex stainless steel in subsea pipes from 1975 to 2004
1 22Cr{ -
2013 Statoil 25Cr Flanges - Girth Weld
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HISC on DSS... occurrence...

HE of Duplex (22Cr) or SDSS (25Cr)

...CP overprotection ...
< -0.8/-0.85 V OFF Ag/AgCl

... AND Presence of
substantial plastic straining...

ICorr MCF 30 04 21 - Addressing the risk of Hydrogen-Induced Stress Cracking on pipelines — ROSEN Daniel Sandana



NSTITUTE OF

I
‘coanosno~

HISC on DSS... occurrence...
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Ferrite content>50%

...Large grain size....
>100 — up to 180 pm...

.... Large austenite spacing....
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DNV:-GL
Balanced AustenitefFernte microstructure
RECOMMENDED PRACTICE
DNVGL-RP-F112 Edition July 2017

Minimise direct CP contact ... use of diodes?

Design of duplex stainless steel subsea
equipment exposed to cathodic protection

B e

b

f = Existing CP bonded designs?
L : + Manuf. Efforts to improve HISC resistance
'. & increase F112 utilisation thresholds?

Le el

L
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HISC offshore... other!...

High strength Carbon steel bolfs

ASTM A193 B7 - » HRC 35

LAS fasteners

ASTM 320 (bolts)!ASTM194 nuts

...auper martensitic SS pipes...
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Complexity

Challenges

Understand your mechanism

Refine your puzzle
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Thank you for joining

Dsandana@rosen-group.com

Daniel Sandana PhD EUR ING, NACE SCT
Principal Engineer

Phone +44-191-720-3147
DSandana@rosen-qroup.com

international Conference
on Hydrogen Safety
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