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Overview

« Review of mechanical properties and fatigue behavior

* Hydrogen embrittlement: effect of hydrogen on
* Yield and tensile strength
« Elongation and reduction of area
« Fatigue strength and fatigue life

* Pressure cycling and integrity of fluid system components
« Effect of hydrogen

* Requirements for Ni-content
 Conclusions
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Elongation A Swogddv
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True stress true strain behavior e
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Measures of ductility
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Ductile and brittle fractures
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Metal fatigue Do

 Weakening of a material
caused by cyclic loading

e Causes progressive localized
structural damage

* Leads to initiation of crack(s)

— each loading cycle causes the
crack to grow by a very small
distance

— crack grows until it reaches a
critical size

— complete fracture of the structure

O C C u rS https://hill-engineering.com/our-work/fracture-surfaces-evaluation/




Fatigue testing Swoedde

* Applying a cyclic load to a specimen or an actual part
— generate fatigue life and crack growth data
— Identify critical locations which can lead to fatigue failure
— demonstrate the safety of a structure susceptible to fatigue

Load

Static Failure

Low-Cycle Fatigue (LCF)
(Low Lite, High Load, Significant Plastic
[\'\‘} Deformation)

(High Life, Loww Load)

Fatigue Endurance Limit

Log Scale Cycles




Fatigue-life (S-N) curve Suogde
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Effect of hydrogen on metals woedd

« Key questions
— How does embrittlement happen?
o H, adsorption - H-atoms -> diffusion into material
— How are different materials affected?
o 15 years of testing Swagelok materials by national laboratories
— Can 316 stainless steel be used safely?
o Depends on quality, product design, operating conditions

* H, can cause change of properties & behavior of metals
— Strength: yield strength and ultimate tensile strength
— Ductility: strain-to-failure and reduction of area
— Fatigue behavior: cycle life and fatigue limit
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Stress-strain curves of 316/316L
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« Hydrogen affects mechanical properties of 316/316L
* Increases yield strength and tensile strength
« Does not affect strain-to-failure (ductility)
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Elongation in air & H, as f(T)
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Importance of nic
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HE of 304 and 316 SS S
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Effect of Ni-content and temperature on RA

ductile fracture
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RRA versus Ni-content
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Thorsten Michler, Joerg Naumann, Hydrogen environment embrittlement of austenitic stainless steels at low temperatures, Int. J. Hydrogen
Energy, 33 21 11 — 21 (2008)
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RRA versus Ni-eq
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Yamada, T., Kobayashi, H., Materials selection standard
for hydrogen station equipment, J. of the High-Pressure
Gas Safety Institute of Japan, 49, 885-893, (2012)
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Akira Ueno, Guenec Benjamin, Effect of high-pressure H gas on tensile
and fatigue properties of stainless steel SUS316L by means of the internal
high-pressure H gas method, Procedia Structural Integrity 19 494-503
(2019)



RRA for alloy with Ni-eq
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Yuhei Ogawa, Hyuga Hosoi, Kaneaki Tsuzaki, Timothée Redarce, Osamu Takakuwa, Hisao Matsunaga, Hydrogen, as an alloying element,
enables a greater strength-ductility balance in an Fe-Cr-Ni-based, stable austenitic stainless steel, Acta Materialia 199, 181-192 (2020)
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Minimum Ni-eq
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Minimum Ni-eq
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Volume 56, Issue 14, pp. 3414 — 3412 (2008).
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IS RRA a useful predictor of product performance?

22222

Necking of occurs after tensile sample reaches tensile strength
In actual use, pressurized components deform elastically only
Microplastic deformation of material possible (at “crack tip”)

Microplastic deformations can accumulate during pressure cycling
* Localized strain-hardening
* Nucleation and growth of fatigue crack

When RRA is “low”, H, reduces the fatigue life
« Occurs at stresses above a material’s fatigue limit

Conclusion: focus on fatigue behavior of material, not on RRA
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Component pressure-cycled with H, S

* What minimum stress S, and maximum stress S_ ., will the component will see?

 What is the expected fatigue life of the component?
 If infinite: Does hydrogen affect the fatigue limit of the material?
* If limited: What is the effect of H, on the fatigue life of the material?

 How do S/N curves from tests in air (or inert fluid) and H, compare?
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Fatigue testing

stress
frequency w8
|
7 .
Smax [ % ! 3
U
B
N
=]
N nnlE
Hi ! “Hh
i F
Smin HH !
B H¥

« Notched tensile sample
 R=S,,/S,=0.1
 Frequency 1Hz

* H,-charged orin H,
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Fatigue behavior woedd
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(a) Lot 2 (N1g =27.0 %), R =-1.0.

240 240 Akira Ueno, Guenec Benjamin, Effect of high-pressure H gas
sl ¥ s55] on tensile and fatigue properties of stainless steel SUS316L by
s S means of the internal high-pressure H gas method, Procedia
g 220 & 220F Structural Integrity 19 494-503 (2019)
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(b) Lot 3 (N1,q=25.7 %). R=-1.0. (c) Lot 3 (N1yq = 25.7 %). R=-0.5.
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Fatigue behavior woedd

A: 3171 weld metal (AW), Heataorb [ SUS316 (hi-Ni), Heat A or C | e H., reduced fatigue life of 304 and
©Q: 317L weld metal (PWST), Heat aorb € SUS316L, Heat A 2 . .
B 308 weld metal (AW), Heat a M. SUS316. Heat A 316|_(h|-N|) by about 70%
| O: 308 weld metal (PWST), Heat a [ [D: SUS304, Heat D or T
0.9 b Girecs ratio:~1 Frequeey: 0.1~ 10 Hz - » The fatigue limit is about the same
g«g - Inairand 115 MPaH, at RT - for 304 and 316L(hi-Ni)
06> b _ M. Nakamura, S. Okazaki, H. Matsunaga, S. Matsuoka, Fatigue
A A life properties of austenitic stainless steel welds in high-pressure
& 0.5t DD LANN N . hydrogen gas, in: JSME M&M 2017 Conference (Hokkaido,
~ © O ~ — Japan, 2017)
o o %ﬁn a &7 : |
0.4 s Iﬂ[ﬂ» AL — '
o | O O %: —
0.3} —
Bule marks: In air at R
Red marks: In 115 MPa H, at BT
0.2 d '

10° 10t |10 10° 107 10°
Number of cycles to failure, Ny [cycles]
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Fatigue behavior
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Thorsten Michler, J6rg Naumann,
Jens Wiebesiek, Erich Sattler,
Influence of frequency and wave
form on S-N fatigue of commercial
austenitic stainless steels with
different nickel contents in inert gas
and in high pressure gaseous
hydrogen, International Journal of
Fatigue 96 (2017) 67-77

—— e o e
oo Rl Tl |
R T TR
[ Nf(H2)/ | (Nf(He)-Nf(H2))/
Steel Ni-eq
Nf(He) Nf(He)
304 | 23(?) | 0.050 95%
12.6Ni (1)] 282 | 0.340 66%
13.0Ni 29.1 1.000 0%
13.2Ni 28.2 1.000 0%
13.7Ni 31.8 0.700 30%
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Effect of H, pressure and temperature on fatigue life
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Fatigue life of strain-hardened 316/316L.
« Comparable at 20°C in 10MPa (1.45ksi) and 103MPa (14.9ksi) H,
« Comparable at -50°C and 20°C in 10MPa (1.45ksi) H,
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Loss in fatigue life woedd

Strain-hardened 304 and 316 SS Alloy Loss
0.9 304 304 22.3 -94%
0.8 , air
0.7 L %e 316 27.1 -70%
> 0.6 . i .
ED'S 304-.1" ..... s
o H, e § ) oo 316
5 04 T _04% | 316 *air
%f 0.3 ~J4 7o H,
0.2 -70%
0.1
0
1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07
Cycles to Failure

» Testing performed at RT in air and in H, (103MPa)
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Hydraulic pressure cycling of emm & 1/2” FK elbows §

« Qualification of FK fittings per EC79
— Tested 3 fittings each, 6mm (6MFK) and 72" (8FK)
— 150,000 cycles, 0.1Hz
— Between 20 bar (0.29 ksi) & 875 bar (12.7 ksi)
— No failures observed
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Summary — Effect of H, on 316 SS ?

 Increases yield and tensile strength

* Reduces ductility (mainly RA), especially If:
* Ni-content < 12%
« Temperature between 0°C and -100°C

* Reduces fatigue life
* Less reduction with increasing Ni-content
* H, accelerates rate of crack propagation

« Does not reduce fatigue limit
« Possibly small reduction if Ni-content <12%
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Summary — Effect of H, on 316 SS (cont.) ;

« Hydrogen itself does not cause fatigue cracking

« High-pressure cycling can cause fatigue cracking
« High pressure amplitudes
« Crack initiation at locations of high stress concentration
« Bore intersections
« Material surface defects
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