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Agenda

e Background
Why steel hydrogen pipelines?

e Research Objectives
Variables being analyzed, and target outcomes

e Approach
Experimentation and analysis completed

e Results

e Conclusions
e Related and Future Work
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Background
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Structural materials are central to the cost and reliability of H, infrastructure.
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Background: Pipeline Installation & Operation

Friction Stir Welding (FSW)

: 4
. Gas Metal Arc

7 Welding (GM
EX

— Ty,

’:yVeIdinNg‘,to join or repair pipe

—_— e =
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Microstructure of Welds may be
base metal more susceptible
affects crack to embrittlement
growth rates
Can gas impurities mitigate Daily pressure fluctuations can result
embrittlement effect? —, _in fatigue loading which can affect

et 1 =~ Images used with permission from
(\ embrlttlement - : U.S Pipeline, and Canadian Energy
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Background

Microstructure

Residual stress
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Hydrogen-assisted cracking trends depend on microstructure, stress,

and hydrogen uptake, but may be dominated by one variable.
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Objectives/Relevance

Why should steel hydrogen pipelines be used?
» Operation of steel pipelines, and resistance to 37 party damage is well-understood
» Hydrogen pipelines function safely under constant pressure load
» 1,500 miles of steel hydrogen pipelines already in use in the U.S.

Project Purpose:

» Assess steel pipeline performance under conditions expected in mature hydrogen
market

» Determine resistance of base metal and welds to fluctuating loads

» Experimental data and analysis can guide the optimization of design codes
and standards to lower pipeline cost while maintaining reliability

» Establish models that predict pipeline behavior as a function of
microstructure to guide future developments of novel steels

Research on hydrogen embrittlement will enable risk-informed design of

lower cost hydrogen pipelines.
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Approach: Base Metal and Welds N
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e Apply core capability (HEML) to measure
fatigue crack growth in steels in high-pressure
H, gas

— Industrially relevant pipeline grades
— Representative service environment

— Fatigue crack growth data will be the basis for
requirements of the ASME B31.12 code

e Assess variables that influence hydrogen
embrittlement in pipeline steels
— Welds
— Microstructural banding
— Gas impurities

S ——
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Approach: Base Metal and Welds — _—

Fusion Zone

Gas metal arc weld
(GMAW)

g

Friction Stir Weld
(FSW)

12

Welding process generates different microstructures and stresses than the base

metal.




Approach: X65 Base Metal and Welds

GMAW

Experimentation completed on base metal, fusion zones, and heat
s affected zones for X65 steel.
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e -
Approach: X52 Friction Stir Welds (FSW)——=

Off-center
»—;’f\{
\S@ FSwW 15 mm Off-center
‘(m‘ Crack plane Crack plane

Friction Stir
Weld

/
{

Off-Center B

Two different regions of FSW were analyzed to account for potential
differences in microstructure.
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Approach: Testing Apparatus and Procedures B i
Compact Tension ESE(T)
(C(T) B

load e |nstrumentation
é — Internal load cell in feedback loop

:z'ﬁm_'jﬁ —ﬁ — Crack-opening displacement measured internally
Bk — using LVDT or clip gauge
? B — Crack length calculated from compliance

* Mechanical loading
— Triangular load-cycle waveform
— Constant load amplitude
~ R=imn_g5 freq =1Hz

max

e Environment
— Supply gas: 99.9999% H,
— Pressure =21 MPa (3 ksi)

— Room temperature

8 Fatigue crack growth measured in high-pressure H, gas
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Approach: Optimization of Design

o o thickness,  tength
: Is steel pipeline life sufficient given — KT ~jculate:
i expected service conditions, and

| ASME code requirements
| (life = 0.5N,)?

Number of Cycles

Experimentation:

i measurements in H, ! |

. gas | i | AK = Aplf(a, t ,Ro, R)] |

i Crack i i i

! growth i > i N 1 7 i

| rate ! ! NoooAp 7 |

’ | | H, , H :

! i i -— H 2 H2 2 - i

i > i i t 2 a !

i Stress (AK) i i R R; i

i ; i cycles to critical E

[TTTTTTTTmTmmmmmmoommmmmmmmo s S E— i Assumlng crack depth (N,) |
i Design Analysis | steel . / i

v

Fracture mechanics analysis to characterize steel reliability in H, gas.
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J. Ronevich & B. Somerday, Materials Performance
and Characterization, 2015, in press.

* Triplicate tests revealed
repeatable results

 Results did not account for
“residual stress” resulting from
welding

Must perform analysis to account for contribution of residual

stress to driving force, AK.
i I —
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Results: X65 Gas Metal Arc Weld (GMAW)

B

Analysis to account for residual stress in driving force
leads to more reliable da/dN vs. AK curves.

Bm HAZ |
5 (L-c)._(L-C) e '
10% — : — pPr e
N 3 (E“ ) ¢
> 10° I BM (L-C) ] é) e GMAW
© 3 . E . =
° P - BM (L-C) 3 - -
° P ESE(T) 1 \. P |
S 107 AIR . \ -
| Correcte X65 Pipeline Steel 1 .
Tl A 21 MPa Hy- e Corrections show faster crack
x i f=1Hz3 ]
8 i R;gé’ﬁf growth at lower AK than previously
o -7 ) a1 : \ p .
" 576 78910 20 30 40 50 determined.

AKACR (MPa m"?)

X65: Crack growth faster in weld heat affected zone than in

base metal.




Results: X52 Friction Stir Welds (FSW)
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AK (MPam ™) crack plane

* Crack growth rate measurements
in FSW are repeatable (triplicate
results obtained)

X52: crack growth faster in center of FSW than in base metal, and

faster in base metal than in off-center position.



Conclusions: Welds
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Friction stir welds and conventional gas metal arc welds exhibit

similar crack growth rates in hydrogen.

22~ -



Results: Microstructural Banding

Crack Growth Rate, da/dN (mm/cycle)

107 ¢
107

10"

107

(C-L) in air 3
C(T) '

- X65 Pipeline Steels
=2 21 MPa H2—:
= f=1Hz3
- R=0.5-
| Tests in air perfolrmed at 10 Hz 29.5 K|

o 6 7 8 910 115 20 30 40 30

AK (MPa m"?)

J. Ronevich et al., Int. J. Fatigue, 2015.

Data obtained compared to data from
other specimen orientations:

* Cracks in L-C and C-L direction
encounter consistent microstructure
(primarily ferrite), and had similar crack
growth rates

* Cracks in in L-R direction encountered
alternating bands of ferrite-pearlite, and
grew much more slowly.

_—
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Conclusions: Microstructural Banding f, ?

Hydrogen diffusion in L-R

rientation vs. C-L orientation

i it

1000X 20 om

N e e

Crack-tip branching

Hydrogen diffusivity Hydrogen diffusivity in L-R orientation
across banded < along banded

Structure structure

Slower rates of crack growth perpendicular to pearlite bands may be because:

1) hydrogen diffusion is slower, and

2) Hard pearlite results in crack branching (which reduces driving force).

22




Conclusions: Microstructural Banding
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J. Ronevich et al., Int. J. Fatigue, 2015.
T T | T T
\ ] ]
(C-L) in air
at 10 Hz
= L-C X65 L-C (21 MPa), present study
o A X65 L-R (21 MPa), present study
e X65 C-L (21 MPa), present study
e X70A (34 MPa), Slifka et al.
= ® X70B (34 MPa), Slitka et al. E
L Test Conditions ® X52 Vintage (34 MPa), Sliftkaef al.
R=05 X52 Modern (34 MPa), Sliftkaet al. ]
f=1Hz b X80 (21 MPa), San Marchi et al.
. L 4 X60 HIC (%1 MPa), Saln Marchli et al.
5 6 7 8910 20 30 40 50

AK (MPa m12)

X60 and X80 data:
San Marchi et al., ASME PVP, 2010

X52 and X70 data:
Slitka et al., ASME PVP, 2014
Drexler et al., Proceedings of SteelyHydrogen, 2014

Examining multiple pipeline steels demonstrates that most pronounced

microstructure effect is banded ferrite-pearlite in L-R orientation




Conclusions: H, Pipeline Design

H, Pipeline Wall Thickness Necessary*
Pressure cycle (psi) Initial flaw depth: 3% wall Initial flaw depth: 5% wall
y P thickness thickness
1500 to 3000 0.62 in (15.7 mm) 0.81 in (20.7 mm)
300 to 3000 1.37 in (34.9 mm) 1.83 in (46.5 mm)

*Thickness determined by 0.5N,, in which N, = 73,000 cycles
(0.5N, = 36,500 cycles = 50 yr at 2 cycles/day)

25t
» NG pipeline thickness necessary P. = TFET
calculated based on ASME B31.8 £ o ooson gfggskusrie&;;) MPa
t = thickness

. . D = outside diameter = 24 in.
Thickness: 0.96 in (24.4 mm) F= design factor = 0.72 (Class 1)
E = longitudinal joint factor = 1
T = temp derating factor = 1

H, pipelines may not require a thickness premium relative to

current natural gas codes.




Related Research: Embrittlement Mitigation
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Potential energy surface
scan for H, approaching
Fe(100) surface

H, molecule approaches
directly on top Fe atom

dissociation transition state

. E,=0.1eV

>

Q

> \

(b}

C

L

Distance from surface (A)

Staykov et al., Int J Quantum
Chemistry, 2014

Potential energy surface
scan for H, approaching
Fe(100) surface with
preadsorbed O atoms

H, molecule approaches
directly on top Fe atom

dissociation transition state

\ < E,=06¢eV
//\f

Distance from surface (A)

Energy (eV)

DFT simulations show that pre-adsorbed oxygen inhibits H, dissociation.




Related Research: Embrittlement Mitigation

10"
- X52 pipeline
2 R=0.1

10 " Freq =10 Hz

10° L

Crack growth rate, da/dN (mm/cycle)
8&

1| ® <0.5 vppm O, (R=0.1)

< 10 vppm O, (R=0.1)

1|2 100 vppm O, (R=0.1)
1/® 1000 vppm O, (R=0.1)

X 1000 vppm O, (R=0.5)

f><air

5 6 76910 20
AK (MPa m'72)

B.P. Somerday et al., Acta Mater, 2013

30 40

50

At lower AK, crack growth rates
in H, environments same as
rates in air

At R=0.1, hydrogen-accelerated
crack growth observed at
higher AK

— da/dN at onset of hydrogen-

accelerated crack growth
depends on O, concentration

At R=0.5, hydrogen-accelerated
crack growth not observed

Mitigation depends on several variables: O, conc, R-ratio, da/dN,

and load cycle frequency.




Related Research: Modeling H2 Embrittlement with Oxygen Impurities

Assumptions

* |nitial inert-environment crack growth
modeled by blunting-resharpening

* Oxygen out-competes hydrogen for
adsorption sites on freshly exposed crack-tip
surface

* Extent of oxygen adsorption depends on
crack-tip area, proportional to crack-growth
increment (da)

— when da < da
by oxygen

crack tip fully passivated

crit?

— when da > da_,,, crack tip not fully
passivated > H uptake

Developed model that relates oxygen

adsorption to hydrogen uptake.

B. Somerday et al., Acta Mater, 2013
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crack geometry and diffusion-limited oxygen adsorptlon

Somerday et al., Acta Mater, 2013

* @Goal: quantify amount of adsorbed oxygen
(n) during load-cycle time (At)

* Key assumption: adsorption rate-limited by
O, diffusion in crack channel

— constant crack-channel height (h)

during diffusion

— steady state p,, profile L EEE .

_ _ AProt :

e Model foundation: oxygen delivered to |

crack tip (JhAt) = oxygen adsorbed on crac i

tip (SOrAa) :
J =flux = DZP—’“* a’y 5
R,Ta 2 distance from crack tip, x

h = channel height = 0.6(1—v ) AR
c,(1-R)) H uptake and accelerated crack growth
At=1/f when 0 = 6,

0 = oxygen coverage S = surface site density 2

0 = O'3ZDpt0t(1 B Vz) AK
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Summary

e Base Metal:

— Resistance to hydrogen assisted fatigue depends on microstructure, not just
strength.

e Welds:

— Friction stir welds and gas metal arc welds have similar resistance to
hydrogen embrittlement

e Friction stir welding is often an economical alternative

— Welds have slightly faster crack growth than base metal

e Design Codes:
— Thickness premiums on hydrogen pipelines may be over-conservative

e Embrittlement mitigation:

— Low levels (ppm) of gas species such as O, can enhance safety margins for
steel H, pipelines
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Remaining Challenges and Barriers

e Establish data-informed safety factors for steel H, pipelines,
particularly for high-strength steels (e.g. X80 or X100)

— Realistic safety factors can lower cost of steel H, pipelines

e Reduce testing burden for qualifying steel base metal and welds
for H, pipelines by developing microstructure-performance (i.e.,
fatigue crack growth behavior in H, gas) relationships

— Microstructure-performance relationships are foundation for predictive,
physics-based model of H,-accelerated fatigue crack growth
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Related Research: Embrittlement Mechanisn

ERW seam

ferrite + 8
vol% pearlite

» Tensile properties
— Yield strength: 428 MPa ; X
— Ultimate tensile strength: 483 MPa 324 mm OD x 12.7 mm WT

* Alloy composition

C Mn P S Si Cu Ni Cr \% Nb Al CE

0.06 | 0.87 | 0.011 | 0.006 | 0.12 | 0.03 | 0.02 | 0.03 | 0.002 | 0.03 | 0.034 | 0.11

Measurements performed on technologically relevant steel: API

5L X52 (PSL 2).
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Fracture mechanics analysis to characterize steel reliability in H, gas

da/dN |

measured in laboratory

H, gas

da/dN = C[AK]™

AK
R

1.0

ala;

—

AK = Ap[f(a! t ,RO’ RI)]

cycles to critical
critical crack depth (a.) calculated crack depth (Nc)
A using fracture threshold data

A /

calculated using fatigue
crack growth law

B
»

e Two fracture properties in H, needed
— Fatigue crack growth curve
— Fracture threshold

e Fatigue life analysis framework
accommodates H, embrittlement
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Conclusions: H, Pipeline Design ==

Measured fatigue crack growth behavior can be used to calculate
minimum wall thickness for steel H, pipelines.

E cycle 1 cycle 2
AT I p AKy=F(@o, AP, Ro,Ri 1) AKz=F(a4,Ap,Ro,Ri 1)
N Ap S E - ErwPipe 4 Bmof pt Aa_=CAK1’“ Aa_=CAK2“’
Hs H» T 0] g7 FSW Pipe ar=ap+Aa az=ar+Aa
H, s ) S
g S I =
g 10°L
R §
Rs e .t BM of X52 Pipeline Steels
B0h rowepe A P
§ ) i a:l-;gerz RZZS'E
56 78010 20 30 40 50
AK (MPam'?)
AK = Aplf(a, t ,R,, R))] da/dN=CAK™ 1
e ASME fatigue life calculation: structural analysis + ) | _
. critical crack depth fpr_ rapid crack extension
fatlgue Crack growth |aW ) /under sustained or rising load, a. eycles to citical
= T el crack depth, N,
* |nputs:
a
— pressure cycle range (4p) eycles for
... 0.25 x critical crack depth
— initial flaw depth (a,) \
i , 0258, f-mmmmmmmmmm oo |
— pipe outer diameter (2R,) . o :
. ° ‘¥ HEN
— fatigue crack growth law (da/dN=CAK™) 05N, N,
N

* Goal: Calculate wall thickness (t) required to

i e i




Results: X52 Friction Stir Welds (FSW)

10—
% : ] .y Off-center
> BM ] __—
o 102 L 1 \ {f»—)'
r4 & Off-center 1 R
T -4 \
T 0L (x3) 3 kL
° ] C Friction Stir
g ' Weld
S 10°L . .*
- |
3 : |
o - X52 Pipeline Steels - ‘
> 10° | 21 MPa H,-,
ﬁ - f=1Hz3
1] - R=05]
15} 21 295 K 1
10 N . —
5 6 7 8910 20 30 40 50 e Crack growth rate
AK (MPam"?) Off-center measurements at off-center
Crackplane  position in friction stir weld are
15 mm
_ _ repeatable

e Crack growth rates at off-center
position are modestly lower

. than rates for base metal (BM)

Triplicate fatigue crack growth rate measurements at off-center

position in friction stir weld completed.



Results: X65 Steel and GMAW, Non-m

Non-uniform crack fronts rendered initial data unusable.

BM FZ

Compact Tension C(T)

specimens extracted from pipe

- Entire crack plane contained
in FZ or HAZ

- Non-uniform crack fronts
observed

- Attributed to residual stress

Alternate standardized
test specimen geometry
necessary for weld FZ
testing: ESE(T)
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Experimentation e

Friction stir welding offers cost and reliability advantages over conventional

welding

How it works:

1) Tool is inserted into joint
under high compression

2) Tool is rotated at high rom

3) Metal softens and is stirred
to form weld

ROTATION =
SPEED

SHOULDER

Advantages
» No consumables (e.g. filler wire, shielding gas) are needed:
» No melting of metal

- Reduces residual stress

- Reduces heat affected zone

- Prevents solidification cracking —

www.ugac.ca
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R S - = G0l P

Corrections for crack closure suggests that FCGR for
HAZ is higher than BM

107
< ; - Adjusted Compliance Ratio
T 00l B"': x{ls_)-C) ) (ACR) method implemented to
E E remove effects of closure
= : 2> AKxcr
T 10* LHAZ (L-C) £
© - 3 .
hd  (3) BM (L-C)
2 s LA ESE(T) "
© 10"k =y ¢ AlIR =
h : /T ot 10 Hz i | Removal of closure effects
‘g o : Corrected X65 Pipeline Steel: hlghllghts Importance i_n
o 10 ¢ Non-corrected 21 1[*~le’1~%1 :r; comparing intrinsic fatigue
L = Z ] -
ﬁ : R =05 behavior
S 107 L . . __285K]
5 6 7 8910 20 30 40 50

AKpcgr (MPa m''?)
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Compressive residual stress can reduce K

max
10 -
[Suresh & Ritchie, 1982]
decreasing ¥
Kmax ) es---$ K s _
Keff /\ /\ /\ /\‘1’ res ¢
malx g ]
AKapp % INCreasing “e—
E AIR (independent
K E I of yond R} —
min - 1
% |  HYOROGEN I
S0 F GAS - ! _
o0
T
Keff < K increasing @ K max |
max max R |
time o8 §0Ko(Hpl ¢ BKglair)

log AK

KT ..~ onset of hydrogen accelerated FCG
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Accomplishment: T "5

Analysis performed to account for effect of residua
stress on crack-driving force

Kmax
I K I(res

max

S LTl

O

l KcIosure I/
1

O

K AI(eff < AKapp

time

= ) closu
closure

O O

i | N |

No residual stress Compressive residual
stress

» Compressive residual stress induces “crack closure”, AK:, AK

da/dN




Crack closure analysis employed adjusted compllance
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ratio (ACR) method

Adjusted compliance ratio (ACR): ASTM E647-13a approved method
Alternative method is ASTM 2% Compliance Offset
Both methods are used to calculate AK ¢qctive

ACR
AKapplied > AK ef fective

Vo
(ol Vi
1 1 -
}‘ © P
®
o)
2 = —
& 3 C,=V,/P
/ C,=V/P
3 C, =V /P
T w—
Displacement
Displacement, V
=
; 2 AcR = &G
2 = —_—
geE=— § C, — C;
;jg:u:-:?a— 3 AKeffective - AKapp XACR

Displacement
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Microstructure-sensitive hydrogen transport

Crack growth rate, da/dN (x 10-> mm/cycle) at select AK
20 MPa

Orientation (Environment) 10 MPa m'”?2
C-L (Air) 0.745
L-R (Air) 0.350
L-C (Air) 0.543
Perpendicular
2.1
= = - da/ch_L
Ratio in Air, Tn/aN;
Parallel
1.4
P . da/dNC_L
Ratio in Air, WNL—C
C-L (Hy) 4.60
L-R (H,) 0.519
L-C (H,) 2.30
Perpendicular
8.9
s s da/ch_L
Ratio in H,, da/dN, o
Parallel
2.0
. da/dN¢_
Ratio in H,, Ta/dN;

12 MPa m?'/2

1.13
0.447
0.927

2.5

1.2

17.6
2.16
11.6

8.1

1.5

15 MPa m12

214
1.15
1.73

1.9

1.2

61.5
29.0
51.5

2.1

1.2

m1/2
6.37
N/A*
N/A*

N/A*

N/A*

159
69.4
139

2.3

1.1

Crack Growth Rate, da/dN (mm/cycle)

N

T T
ok
] == R
C-L ESE(T)
] (C-L)in air =
o o . cm E
L-C 24 (L) in air
e~ ,f’ﬁ 3 ESE(M)
: gl (LR)in air E
ESE(T) ]
i : . X65 Pipeline Steels -
| (L-C) in air 21 MPa Ha-
i D f=1Hz:
i R=05]
[ Tests in air perfoirmed at 10 Hz 295 K7
5 6 78910 15 20 30 40 50
AK (MPam'?)
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San.diaI
Design concept of pressure vessel @i

216 mm Electrical
(8.5 inch) feedthroughs
End Cap *
_ ) Custom
Viton o-ring Load Cell
Custom
VDT 380'mm
190 mm (15inch)  specimen
(7.5 inch) $ 101 mm
Viton o-ring \l\ (4.0 inch)
End Cap* Pressure vessel *
Inside
Pull Rod*
Outside
Pull Rod *
* Material: A286 Precipitation hardened austenitic stainless steel 4
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