
Sandia National Laboratories ItFCHydrogen and Fuel Cells Program

SAND2018-1098 PE

Technical basis for master curve for fatigue
crack growth of ferritic steels in high-pressure
gaseous hydrogen in ASME section VIII-3 code

(PVP2019-93907)

Chris San Marchi, Sandia National Laboratories

Joseph Ronevich, Sandia National Laboratories

Paolo Bortot, Tenaris Dalmine

Yoru Wada, Japan Steel Works

John Felbaum, FIBA Technologies

Mahendra Rana, independent consultant, formerly of Praxair

ASME 2019 Pressure Vessels & Piping Conference
July 14-19, 2019, San Antonio, TX, USA

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and Engineering Solutions of
Sandia, LLC., a wholly owned subsidiary of Honeywell International, lnc., for the U.S. Department of Energy's National Nuclear
Security Administration under contract DE-NA-00035251

SAND2019-8892C

This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed
in the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.



Sandia National Laboratories ItFCHydrogen and Fuel Cells Program

w

Outline

Motivation for design equations related to high-
pressure gaseous hydrogen storage vessels

Code Case 2938

Fracture mechanics test methods and testing validity

Basic trends and formulation of master curve for
fatigue crack growth in gaseous hydrogen

Tested materials and review of fracture mechanics
data

Basis of constraints in CC2938

Limits on strength

Limits on Kmax range

Pressure effects (not in CC2938)
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Motivation for Code Case 2938 to provide fatigue
design curves for hydrogen pressure vessels

• Storage vessels for high-pressure hydrogen require
fracture mechanics-based design: BPVC VIII.3.KD-10

ac

Critical flaw size

/determined by
fracture
resistance

Number of pressure cycles, N Nc

Evolution of
flaw size
determined by
fatigue crack
growth

Generation of fatigue and fracture data in gaseous
hydrogen is very expensive and time consuming
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—WP—
Fatigue crack growth and fracture toughness were
measured in high-pressure gaseous hydrogen

Fatigue crack growth rate measured consistent
with ASTM E647

in gaseous hydrogen at pressure of ?103 MPa

fatigue typically terminated at a/W - 0.65

Elastic-plastic fracture toughness evaluated
consistent with ASTM E1820
(rising load Jic value)

in gaseous hydrogen at pressure of ?103 MPa

Article KD-10 for high-pressure hydrogen PVs
specifies fracture testing in gaseous hydrogen
according to ASTM E1681 (KIH), which assumes
linear elasticity
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Use same testing geometry
fatigue and fracture testing
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Testing validity of fatigue crack growth measurements
using ASTM E647: limits on linear elasticity

Fatigue crack fronts are
uniform unless stated
otherwise

Ligament requirements

2
co > (4) (Kmax)

7/") Sy

Satisfied in all cases for data
in this report

Data in other studies may
not be valid at high load
ratio (R > 0.5)

typical maximum at end of test

20 40 60 80

Kmax (MPa m1/2)

100 120
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Testing validity of fatigue crack growth measurements
using ASTM E647: acceleration of data generation

Variation of K-gradient was
utilized to accelerate some
tests  dK 

10-5c = (1
da

No dependence on the K- 10-6
gradient has been observed
in any testing 0

E o
K-gradient varied in the -0
range of +/- 0.39 mm-1 for -0
several values of R 108

Data generally acquired at Aa
sufficient to obtain >5 data
points per decade of da/dN

Consistent data for both K-
increasing and K-decreasing

10-9

For comparison: constant load test is
C — +0.1 mm-1

C = +0.39 mm-1
C = +0.16 mrifl

• C = 0
• • C -0.16 mm-1

C = -0.20 mm-1
7 • • C = -0.39 mm-1

►.

106 MPa H2
= 1 Hz
R = 0.5

•••

Gr L-LS (blue)
Gr 1 CI 1 (green)
Gr 3 CI 2 (red)
Gr L (orange)

2 3 4 5 6 7 8 9 10

AK (MPa m112)
20
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Fatigue crack growth rates in gaseous hydrogen can be
characterized by two slopes (or power laws)

Fatigue crack growth is
characterized by a knee in the
da/dN—AK curve

Transition regime at "low AK'
with a steep slope and large
exponent m

Crack growth rate at "high
AK' with slope similar to air,
but significantly higher rate
by 10x or more

o 5

10-6

1 0 -8

- extrapolation from
- high AK regime

-

10-9
5

'knee'

I I 

A

Or it A

Oroek.

tg*:A A

,"". A

sr itA

45 MPa H2
R = 0.1
f= 1 Hz

• 4130X, Su = 750 MPa
• 4130X, Su = 850 MPa
• 4130X, Su = 786 MPa

6 7 8 9 10 20

AK (MPa m1/2)

30

Extrapolation to low-AK regime from AK > 10 MPa m112

is overly conservative

40 50
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Are there simple relationships that capture fatigue crack
growth rates in hydrogen and account for load ratio (R)?

Assume two independent regimes, each with a relationship
of the form:

da
= CRAKm

dN

where CR is function of R and m is a constant

For each AK regime and R, determine CR and m from power
law curve fits

Determine best m value and adjust CR to capture data

Determine common functional form for CR = f(R) in both
regimes

da [1 + CHRI

dN 
= C AKm

1 — R

C (m/cycle)

m

CH

da/dNi„

3.5 x10-14

6.5

0.4286

da/dNhigh

1.5 x10-11

3.66

2.00



Sandia National Laboratories

Relatively simple master curve provides fatigue
crack growth estimates as function of AK and R

da = rl + CHRI
'

dN 1 — R 
AK 

5 6 7 8 9 10 20
AK 

(MPa
 mi/2)

30 40 5 6 7 8 9 10 20

K (MPa m1/2)
max

30
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—WP—
Pressure vessel steels tested at Sandia in gaseous H2
at pressure of ?103 MPa (15 ksi)

Designation
Tensile strength

(MPa)
Yield Strength

(MPa)

Cr-Mo steels

SA-372 Grade J (A71)

SA-372 Grade J (B50)

SA-372 Grade J (A72)

SA-372 Grade J (AV60Z)

34CrMo4

839 642

871 731

908 784

890

1045

760

850

Ni-Cr-Mo steels

SA-372 Grade L

SA-372 Grade L-LS t

SA-723 Grade 1 — Class 1

SA-723 Grade 3 — Class 2

1149

873 t

1053

731 t

860 715

978 888

t Does not meet SA-372 (low strength)
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Fracture resistance in gaseous hydrogen is low
for high strength PV steels

80

70

60

50

P-1 40

30

20

10

0
600

V

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 _

cc >100 MPa H2

•
0.)

•

• SA-372 Gni
A, SA-372 Gr L
A Gr L-LS
• SA-723 Gr 1 CI 1
• SA-723 Gr 3 CI 2
✓ 3AAX
A 3T

A

14

1 1 1 1 1 1 1 

700 800 900 1000 1100 1200
Tensile strcngth, (N4Pa)

PV steels display low
resistance to hydrogen-
assisted fracture in high
strength condition

For tensile strength < 915 MPa

KJH > 45 MPa m112

For tensile strength > 975 MPa

KJH < 20 MPa m112

K JH = elastic-plastic plane-strain fracture
toughness in gaseous hydrogen (ASTM E1820)
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Fatigue crack growth rates of Ni-Cr-Mo steels
in 106 MPa H2 and R = 0.1

10-9

E Ni-Cr-Mo steels

O

0,

0:6)
0

000

o
0

0 6' 0

0 0 °

0 0° °

° 0o  0

°

0

106 MPa H2
R = 0.1 -
1 Hz -

o Ni-Cr-Mo, Su = 873 MPa

• SA-723 Gr.1 CI.1, Su = 860 MPa

O SA-723 Gr.3 CI.2, Su = 978 MPa

• SA-372 Gr L, Su = 1149

5 6 7 8 9 10 20

AK (MPa m1/2)
30 40 50

Data for different
materials are consistent,
except for high-strength
alloys

Dotted lines represent
master curve

At AK 12 MPa m112,

Kmax KJH for the high-
strength alloys

HH

H

Data from ICHS 2017 tiy Q
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Fatigue crack growth rates of Ni-Cr-Mo steels
in 106 MPa H2 and R= 0.5

105

106

10-8

10-9

5

_
= Ni-Cr-Mo steels

106 MPa H2
R = 0.5 -
1 Hz -

• Ni-Cr-Mo, Su = 873 MPa

O SA-723 Gr.1 CI.1, Su = 860 MPa

• SA-723 Gr.3 CI.2, Su = 978 MPa

• SA-372 Gr L, Su = 1149 MPa

6 7 8 9 10 20

AK (MPa m112)

30 40 50

Data for different
materials are consistent,
except for high-strength
alloys

Dotted lines represent
master curve

At AK - 6 MPa rn112,
Kmax —> KJH for the high-
strength alloys

Data from ICHS 2017
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Fatigue crack growth rates of Ni-Cr-Mo steels
in 106 MPa H2 and R = 0.7

io 5

1o8

10-9
5 6 7 8 9 10 20

AK (MPa m112)

• 
•= Ni-Cr-Mo steels 0

•

oo

•

106 MPa H2
R = 0.7
1 Hz

Ni-Cr-Mo, Su = 873 MPa

SA-723 Gr.1 CI.1, Su = 860 MPa

30 40 50

Data are consistent for
low-strength alloys

High-strength alloys
were not evaluated
at R = 0.7

For reference:

R 0.7 & AK 10 MPa M112

Kmax 33.3 MPa r111/2

Data from ICHS 2017
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Fatigue crack growth rates of SA-372 Grade J
in 103 MPa H2 and R = 0.2

10-8
• SA-372 Gr J, Su = 839 MPa

• SA-372 Gr J, Su = 871 MPa

A SA-372 Gr J, Su = 908 MPa

10-9
5 6 7 8 9 10 20

AK (MPa m1/2)
30 40 50

Data is relatively
consistent for tested
alloys

Dotted lines represent
master curve

Data from PVP2013-97455
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z
-0

Fatigue crack growth rates of SA-372 morade J
in 103 MPa H2 and R= 0.5

105

106

108

10-9

5 6 7 8 9 10 20

103 MPa H2
R = 0.5

0.1 Hz: closed
1 Hz: open

30 40 50

Data is relatively
consistent for tested
alloys

Dotted lines represent
master curve

AK (MPa m112) Data from ICHS 2009

HH tiy



Sandia National Laboratories

Fatigue crack growth rates of SA-372 Grade J
for range of pressure and frequency with R = 0.1

105

109
5 6 7 8 9 10

I I I

E SA-372 Gr J
Su = 890 MPa ♦

•• •IL as co al
0- 0-

2 2
o LC)
I- Cr CD

••

R = 0.1 -

• • • 10 Hz
A A A 1 Hz

'V 0.1 Hz
\ 0.01 Hz

A A 0.002 Fr

20 30

AK (MPa m1/2)

40 50

• Master curve (dotted line)
bounds the data for
pressure up to 100 MPa
and frequency as low
0.002 Hz

Data from PVP2015-45424 o
18 
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Fatigue crack growth rates of 34CrMo4 steel
with tensile strength of 1045 MPa

10-4

io 6

108
5

1

: 34CrMo4
i Su = 1045 MPa

k

7 7

i

45 MPa H2
R = 0.1

A 1 Hz
v 0.1 Hz
\ 0.01 Hz
A 0.002 Hz

6 7 8 9 10 20

AK (MPa m112)

30 40 50

Note: da/dN axis is different from other plots

• Master curve (dotted line)
approximately bounds
the data for low Ai< = 15
MPa m1/2

Kmax is likely greater than
fracture resistance (Kjti)
at high OK= 25 MPa m112

HH

,
H

Data from PVP2015-45424 tiy Q
HH HH

HH
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Fracture resistance is basis for limiting strength

• High-strength steels show transition to accelerated crack
growth related to baseline behavior (eg, stage 111)

— only observed in tests of high-strength steels:
tensile strength > 915 MPa

— Related to fracture resistance: fatigue crack growth exceeds
master curve as Kmax KJH

io5

106

109

20

Ni-Cr-Mo steels

106 MPa H2
R = 0.1 -

00. 1 Hz

0 Ni-Cr-Mo, Su = 873 MPa
7 I

ðo

6

SA-723 Gr.1 CI.1, Su = 860 MPa
:

- 0 SA-723 Gr.3 CI.2, Su = 978 MPa

-1 o SA-372 Gr L, Su = 1149 MPa

5 6 7 8 9 10 20 30 40 50
AK (MPa m1/2)

For PV steels with
Su > 915 MPa

• Fatigue crack growth
rate exceeds master
curve when AK is large

• Associated with
KAI < 20 MPa m112

io4

E 1

10'

34CrMo4
Su = 1045 MPa

45 MPa H2
R = 0.1

A 1 Hz
v 0.1 Hz
k 0.01 Hz
A 0.002 Hz

10
5 6 7 8 9 10 20

AK (MPa m112)

30 40 50
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Basis for limiting Kmax
- No evidence of transition to stage III for Kmax up to 40 MPa m112

in SA-372 Gr J steels
For steels shown below:

Measured KJH values in 103 MPa H2 are within the range of
47-61 MPa rr11/2 (5 measurements)

10-5  10-5

10-9

• SA-372 Gr J, Su = 839 MPa

• SA-372 Gr J, Su = 871 MPa

• SA-372 Gr J, Su = 908 MPa

10-6

103 MPa H2
R = 0.5

0.1 Hz: closed
1 Hz: open

■ SA-372 Gr J, Su = 839 MPa

• SA-372 Gr J, Su = 871 MPa

• SA-372 Gr J, Su = 908 MPa

10

21
Kmax (MPa m112)

100 10
Km ax (MPa m1/2)

100
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Master curve can also be adjusted for pressure

• Consider the hydrogen effect as proportional to the equilibrium
hydrogen concentration
— concentration is proportional to square root of fugacity

da = C[1 + CHRi f )112

dN 1 — R 
iAlf 

ref

— However, empirically, the high-AK regime appears to be
independent of pressure

o

I 07

108

- extrapolation from
- high tiK regime

-

'knee'

•' IAA it

V •"'
4..

• A
Or AA

OCi

ft A
IA

le A

45 MPa H2 -
R = 0.1 _
f= 1 Hz E

o • 4130X, Su = 750 MPa
A 4130X, Su = 850 MPa
• 4130X, Su = 786 MPa

10-9
5 6 7 8 9 10 20

AK 
(MPa

 m112)
30 40 50

10-6

104

/
/

/
10-6
5 6 7 8 9 10 20

AK 
(MPa

 mv2)

21 MPa H2
R=0.5
f= 1 Hz

• X52

• X60

• X65

• X80

• X100A

• X100B

30 40 50

10-6

104

10-6
5 6 7 8 9 10 20

5.5 MPa H2
R= 0.5

.1= 1 Hz

• X60

• X80

AK 
(MPa

 mi/2)
30 40 50

2 2
Master curve also applies to carbon steels (eg, pipeline steel)
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Summary

ItFCHydrogen and Fuel Cells Program

lar

- Review of fatigue crack growth rate for PV
steels generally shows consistency of fatigue
response independent of alloy and strength

Exception: tensile strength > 915 MPa shows
transition to stage III crack growth at low Kmax
(i.e., as Kmax —> KJH)

10'

106

to'

109
5 6 7 8 9 10 20

AK (MPa rfl")

Ni-Cr-Mo steels

- #

106 MPa H2
R = 0.1
1 Hz

• Ni-Cr-Mo, Su = 873 MPa

O SA-723 Gr.1 CI.1, Su = 860 MPa

O SA-723 Gr.3 CI.2, Su = 978 MPa

SA-372 Gr L. Su = 1149 MPa

Two-part power law was established to bound fatigue
crack growth behavior as a function of load ratio, R

dN 1 — R

da = c [1 + CHRI
AK"' 

BO

70

60

Limits on use of master curve:  50

c6

Tensile strength < 915 MPa p.0

Kmax 5 40 MPa m112 
30

20

Pressure effect can also be taken into 10

account (but is not considered in CC2938)

30 40 50

>100 MPa H2

•

•

• SA-372 Gr J
lk SA-3/2 Gr L

A Gr L-LS
• SA-723 Gr 1 CI 1
• SA-723 Gr 3 CI 2
✓ 3AAXA 3T

ROO 700 BOO 900 1000 1100
Tensile strength. 5 (MPa)

1200


