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Hydrogen Phase Diagram
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Hydrogen Wave Function
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ELECTRONIC STRUCTURE AND CONFIGURATION:

Noble gasses: He: 152, Ne: 1522522p%, Ar: 15225?2p°®3s23p°,  Kr: 1522522p©3s23p94s23d104p°
Halogens: F: 1s?2s?2p®, Cl: 1s*2s?2p%3s23p°, Br: 15%2s22p83s23pP4s23d104p°
Paramagnetic: H: 1s', Fe: 1s225?2p%3s23p%4s23dS,  Ni: 1s%25?2p®3s23p©4s23d®

Diamagnetic: Be: 1s%2s?, Hg: 15?2s?2p%3s23p04s23d1°4pf4d105s25p°6s24£145d1Y,

Ag: 15%2522p03s23pf4s23d104p®5st4d?,  Au: 1522522p°®3s23p©4s23d104pS4d05s25p06st4fi45410
Non-magnetic? Mn: 1522s?2p®3s23p%4s23d°, Cu: 15%2522p83s23pfastadl®

Electron shells are labeled by quantum numbers (n = 1,2,3,...) or letters (K, L, M, ...) containing a maximum
number of 2n? electrons. Subshells are designated by small letters (s, p, d, f,...) comprising orbitals.



Hydrogen
1,008
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Li
Lithium
6.941

4
Be
Beryllium
9.012
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M

Magnesium

Calcium
40.078

Scandium
44,956

Titanium
47.867

Vanadium
50.942

Chromium
51.996

Periodic Table of the Elements

Manganese
54,938

Atomic
Number

Symbol

Name
Atomic Mass

27 28 29
Co | Ni | Cu

Cobalt Nickel Copper
58.933 58.693 63.546
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N

Nitrogen
14.007

Oxygen
15.999

Fluorine
18.998

2
He
Helium

4,003

10
Ne

Neon
20.180

13
Al

Aluminum
26.982

14 15
Silicon Phosphorus
28.086 30.974

16

S

Sulfur
32.066

17
Cl

Chlorine
35.453

18
Ar

Argon
39.948

0
Zn

Zinc

31
Ga

Gallium
69.723

33
Germanium |  Arsenic
72.631 74.922

34
Se

Selenium
78.972

35
Br

Bromine
79.904

36
Kr

Krypton
84,798

Rubidium
85.468

38
Sr

Strontium
8782

39

Y

Yttrium
88.906

40
Zr

Zirconium

4
Nb

Niobium
92.906

Molybdenum
95.95

43
Tc

Technetium
98.907

Ruthenium
101.07

102.906

47

45 46
Rh | Pd | Ag

Rhodium Palladium Silver

107.868

Cadmium
112.411

49
In

Indium
114.818

50

51
Sn | Sb

Tin Antimony
118.711 121.760

52
Te

Tellurium
127.6

53

lodine
126.904

54
Xe
Xenon
131.294

55
Cs

Cesium
132,905

56
Ba

Barium
137.328

57-71

72
Hf
Hafnium
178.48

73
Ta

Tantalum
180.948

74

W

Tungsten
183.84

75
Re

Rhenium
186.207

77

78 79
Ir | Pt | Au

Iridium Platinum Gold
192,217 195.085 196.967

80

Hg

Mercury
200.592

81
Tl

Thallium
204,383

83
Bi

Bismuth
208.980

84
Po

Polonium
[208.982]

85
At

Astatine
209.987

86
Rn

Radon
222.018

87
Fr

Francium
223.020

88
Ra

Radium
226.025

57

Lanthanide
Series

Actinide
Series

Lanthanum
138.905

Rutherfordium
[261]

Cerium
140.

Db

Dubnium
[262]

59

Pr

106

Sea hugjm
6]

126

raseodymium

116 140.908

60
Nd

Neodymium
144.242

107

Bh

Bohrium

Promethium
144.913

63

Eu

Samarium Europium
150.36 151.964
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Mt Ds | Rg

Meitnerium |Darmstadtium| Roentgenium
268) [269] [272]

65

64
Gd | Tb | Dy

Gadolinium Terbium
158.925

Cn

Copernicium
[277]

66

Dysprosium
162.500

113

Uut

Ununtrium
unknown

67

Uup

Flerovium | Ununpentium
[289] unknown

69
Tm

Holmium Erbium Thulium
164.930 167.258 168.934

Ytterbium
173.055

117

Uus

Ununseptium
unknown

118

Uuo

Ununoctium
unknown

71
Lu

Lutetium
174.967

89
Ac

Actinium
227.028

90 91
Th | P
Thorium
232.038

Protactinium

92

al U

Uranium
238.029

93

Transition
Metal

Np

Neptunium
237.048

94 95
Pu | Am

Plutonium Americium
244.064 243.061

96 9
Cm

7
Bk

Curium Berkelium

247.070 247.070 251.

98
Cf

Californium

080

99
Es | Fm

Einsteinium Fermium | Mendelevium
[254] 257.095 258.1

100

Ng:ie o o

102

No

Nobelium
259.101

Lawrencium
[262]



INTERNAL HYDROGEN EMBRITTLEMENT

Exterior
Air
A
Blister '
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Iernaogen Embitlme [] lien o
Interior: HCl(g) + H,O (1) — H307 (aq) + Cl1™ (aq) Environmental Hydrogen Embrittlement:
2H30%(aq) +2e” — Ha(g) + 2H,0 (1) 2H,0(1) — H30" (aq) + OH (aq)
Metal: M(s) — fe” + BCl1™ (aq) — MClg(s) [surface] || 2H307(aq) +2e~ — Ha(g) + 2 HyO(1)
BH30" (aq) + Be~ — SH- + SH5O (1) [surface] || M(s) — Be™ + BOH™ (aq) — M[OH]4(s)
H +H — Hy(g) [bulk] BH;0% (aq) + fe~ — BH- + SH,0(1)
Exterior: H-+H- — Hj(g) H-+ H- — Ha(g)

Construction elements of bridges



HYDROGEN ENRICHMENT OF METAL

HYDROGEN DAMAGE MECHANISMS [2]
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I Hydrogen assisted cracking (HAC)
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e Hydrogen Embrittlement (HE), Hydrogen-Induced
Cracking (HIC) and High-Temperature Hydrogen
Attack (HTHA) of low carbon and low alloy steel
pipelines, pressure vessels, and tubes in the power and
oil and gas industry

e HE of high-strength (titanium) and other high-
toughness alloys, including high strength steels, and
aluminum alloys used in military aircraft and other
equipment

e HE of nickel-based alloys and failure of duplex stain-
less steels for subsea applications in critical components
exposed to seawater and other equipment

e Hydrogen-induced fractures and HE of marten-
sitic and other advanced high strength steels used
by automotive manufacturers to create lightweight,
crashworthy cars

e HE of precipitation-hardened high-strength steels
and copper-based alloys for use in hydrogen refueling
stations

e HE and HIC of fasteners in marine and other ag-
gressive environments; and Hydride Embrittlement of
metallic alloys for nuclear systems
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Hydrogen Concentration — Stress - Strain Diagram (700 MPa yield strength steel) [3]
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Intergranular Stress Assisted Cracking [1]:

Fracture Propagation Along Grain Boundaries
Galvanic (Anodic/Cathodic) Protection Required

Carbon Stesl
Bolt and Mut

Effects of Galvanic Corrosion
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Surface irregularities
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Grain boundary

Non-uniform surface precipitate




PROTECTING STEEL FROM GALVANIC CORROSION - CHROME PLATING

HYDROGEN EMBRITTLEMENT IN
HARD CHROME PLATING

HARD CHROME
@ PLATING ©  « HYDROGEN-

o O INDUCED

a—8. RACKIN
CRACK—_\ ~ ERACKING

O HYDROGEN « BRITTLE
© ® o @) FRACTURE

STEEL
Qo O OF STEEL

STEEL
7 ///

Effect of hydrogen on chrome plated steel
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Alloy Cc Mn Al Si Ti \'} Trace Balance Fe

type elements
TiC 0.07 17 0.01 0.01 030 - 0.04 97.8
VC 0.07 18 0.01 0.02 - 0.31 0.03 97.8

Grain boundary

Precipitate

Hydrogen atom
[ ]

Crack

Hydrogen trapping by titanium carbide
and vanadium carbide precipitates [4].

Hydrogen trapping by carbide precipitates [4]:
(a) titanium carbide, (b) vanadium carbide,
(c) titanium carbide, (d) vanadium carbide.
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HYDROGEN TRAPPING

Hydrogen at Hydrogen at Hydrogen at phase
dislocations precipitates and their boundaries
interfaces
l Hydrogen in vacancies ] T Y

R R e w menatsu es

2000000000000 4 and surface oxides

20000 0000900944

900000000999 Py ff.c‘

2000000000009 444 2D lattice defects Hydrogen at su
Hydrogen at S '

BPXEY 00 lattice defects “q ' cracks
solutes 100000 precipitates

20000 00000005 Hydrogen at crack tips

J9000000000 04+ +
200000000004+ and internal interfaces

surface
roughness

Mmen at Hydrogen at grain Hydrogen at grain
voids bondaries bondary triple lines

Hydrogen trapping sites in steels [5, 6].
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Hydrogen charging method and H distribution influence ?
Stress state influence ?
low applied stress I medium applied stress I high applied stress
‘ 1 1 ’
: |
TR ks s rneen | i,
e Plasticity-mediated fracture modes i : Decohesion-controlled * .,
.......... The reaching of a locally high - critical Py fracture modes g
.............. hydrogen concentration is mediated by : Hydrogen-impeded plasticity ’
......... hydrogen-enhanced plasticity i
................................ .: !
1
| HELPmediated HEDE |  i[  HEDE dominance |
1 I
: HELP > HEDE , HEDE > HELP
1 e peeo e P oS com Sreactos >
1
| | HELP+HEDE |
: .
[ HELP, AIDE, HESIV, Defactant concept, other... ]

low H concentration

medium H concentration 4 high H concentration

v

"Critical" H
concentration Hydrogen concentration

Unified model for synergistic hydrogen embrittlement mechanisms in steels [5].
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STEEL COMPOSITIONS

Type |Fe |C Cr Ni Mn |Mo |Si N S P Nb Ti \Y Al Cu |B Sn | Ca
wt% | wt% | wt% | wt% | wt% | wth | wt% | wt% wt% | wt% | wt% | wt% | wt% | wt% | wt% | wt% wt% | wt%

316 |bulk [ 0.08 |16-18 | 10- |2 2-3 1 0.030- | 0.030-

14 0.045 | 0.045
316L | bulk | 0.03 | 16-18 | 10- |2 2-3 1 0.030- | 0.030-

14 0.045 |0.045
X<number> stands for pipeline steel in the API standard. The <number> denotes the strength level in kpsi units. Example: X70 represents
pipeline steel with a minimum yield strength of 70 kpsi.
X42 | bulk | 0.22 030 |1.30 [0.15 |0.45 0.015 |0.025 | 0.05 |0.04 |0.05 0.50
X52 | bulk | 0.16 1.60 0.15]0.014 |0.007 [0.025 | 0.04 |0.02 |[0.06 |0.06 |0.30 |0.0005]|0.02
X60 |bulk | 0.16 1.65 0.45 0.010 |{0.020 | 0.05 |0.04 |0.08
X65 | bulk | 0.16 1.65 0.45 0.010 [0.020 | 0.05 [0.06 |0.09
X70 | bulk | 0.17 1.75 0.45 0.010 |{0.020 | 0.05 |0.06 |0.10
X80 |bulk | 0.03 |0.161 |0.014|1.76 |0.189 | 0.21 | 0.0065 | 0.004 | 0.016 | 0.069 | 0.015 | 0.025 | 0.029 | 0.01 | 0.0001 0.003
304L | bulk | 0.07 | 17.50- 2.00 1.00 0.015 | 0.045

19.50
A106 | bulk | 0.30- 0.29- 0.1 0.035 | 0.035
0.35 1.06

Duplex 1.4462 / UNS S31803 / F51 / X2CrNiMoN22-5-3
Min. | bulk 21.0 |45 2.5 0.10
max. | bulk [ 0.03 [23.0 |6.5 20 |35 1.0 |0.22 0.02 ]0.035

Additional refererences:

16
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EFFECT OF ALLOYING ELEMENTS

TECHNICAL TERMS

Sensitization. When steels, such as austenitic type,
are slowly cooled through the range 550 — 850 °C,
they frequently become susceptible to intergranular

attack in a corrosive medium.
(1) Sensitization occurs only in the temperature

range 550 — 850 °C because of the diffusion of the
carbon to the grain boundaries.

(2) Fast cooling rate through the sensitizing tem-
perature range does not provide adequate time for
the process of sensitizing to occur.

(3) The degree of sensitization increases with in-

creasing carbon content and decreasing chromium
content. _ o .
(4) Chromium carbide precipitates at the grain

boundary. A single carbon atom can tie up almost
four chromium atoms.

Stabilized steel. Steels containing stabilizers, such
as titanium and niobium, which form carbides that
are more stable than chromium carbides, are called
stabilized stainless steels.

Chromium depletion. When the concentration of
chromium adjacent to the grain boundaries be-
comes less compared to its concentration away from
the grain boundaries, the phenomenon is termed
chromium depletion.

Annealing. Slow cooling in the furnace.

17

Nickel. Decreases susceptibility to sensitization.
Because carbon solubility decreases with increased
Ni content.

Molybdenum. The susceptibility of steels to inter-
granular attack decreases with increased Mo con-
tent. Mo also increases the resistance to pitting
and crevice corrosion.

Chromium. Generally increases the resistance to
sensitization.

Nitrogen. The effect of nitrogen depends upon the

amount. N is an austenite stabilizer. Steels contain-
ing 18% Cr, 9 — 12% Ni and N which are sensitized

at 500 °C for 100h showed a maximum sensitiza-
tion resistance at 0.04% N.

Titanium and Niobium. Provide stabilization
against harmful precipitates (chromium carbides).

They combine with C and N. To prohibit C and N
to precipitate as carbides and nitrides which lead
to intergranular fracturing.

Silicon. Increases corrosion resistance in sulfuric

acid.

Sulfur and Selenium. Added to increase machin-
ability and malleability. However, corrosion resis-

tance is decreased.



MELT POINTS AND BOILING POINTS OF ELEMENTS

Element Melt Point Boiling Point
(°C) (°C)

Fe 1538 2862

C 3550 4827

Cr 1907 2671

Ni 1455 2913

Mn 1246 2061

Mo 2623 4639

Si 1410 — 1414 2355 — 3265

N -210 -196

S 115 444.6

P (white) 44.1 280.5

P (red) 590 —

Nb 2468 — 2477 4742 — 4744

Ti 1668 3287

\% 1910 3407

Al 660.32 2470

Cu 1083 — 1085 2562 — 2595

B 2076 — 2350 3927 — 4273

Sn 232 2602

Ca 842 1484
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Alloy Melt Point
(Steel) (°C)

AISI 316 1370 — 1400
AISI 316L 1375 — 1400
ATST 304L 1400 — 1450
X42 1420 — 1500
X52 1425 — 1540
X60 1450 — 1520
X65 1370 — 1530
X70 1370 — 1530
X80 1450 — 1500




STRESS-STRAIN CURVE

Fid

i

Y

0.2% e=

Stress-Strain Curve:

(1) True elastic limit: the lowest stress at
which dislocation movement begins.

(2) Proportionality limit: maximum value
where stress is directly proportional to strain.
(3) Elastic limit: permanent deformation
occurs.

(4) Offset yield strength: plastic deformation
begins to occur.

Stress

| Ultimate tensile strength _Necking
Fracture strength |
k Yield
| strength
Lo |

i
|
|
|
|

. |
Mecking . Fracture Young's Madulus I
= Slﬂpe I

= stress/strain :

|

|

|

I

Nan-Uniform
Uniforse Plastic | Plastic
Deformotion | Deformanion

Fracture

Plastic StraJI'm

I Total Strain |

Hydrogen Embrittlement Index (HEI):

e=8L — HEN=¢
A *
=20 — HE[2=2

The asterisk () denotes hydrogen charged.
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STRESS-STRAIN CURVE: HYDROGEN EMBRITTLEMENT

Stress, o
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Hydrogen compatibility of vari-
ous alloys [12]. All experiments,
except one, were conducted at
300 K.



MARTENSITE TRANSFORMATION INDUCED HYDROGEN CRACKING

TD

: Low temp. 304 Low temp. 316L
RD/ITA HE
ND H
, Lk 2 I [ ]' H cont,
o 7 :
. (< =2 k

2 i

4 &

&

m YRR / : =
A o= , R =
Ho 1 1 fve a

€ JIND) ) i High

Steel type 304 [13] Steel type 316L [13]

Martensite transformation induced hydrogen cracking at -60 °C [13].
Steel type 304 = austeno-ferritic
Steel type 3161, = austenitic
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THERMAL INSULATION - AEROGEL - LIQUEFIED HYDROGEN

Aerogel [14]. Left: A block of silica aerogel. Middle: A flower resting on a piece of silica aerogel, which is suspended
over a flame from a Bunsen burner. Right: A 2.5 kg brick supported by a piece of aerogel with a mass of 2 g.
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THERMAL CONDUCTIVITY oSTEEL ¢ ALUMINIUM e COPPER ¢ AEROGEL

0.30 g
E == Present work, p =83 (kg'm™)

E| B Wei's measurment, p =83 (kg'm’)[33] ‘ ! !
; =/\=Present work, p =114 (kgm’) "”w" ”””

o

)

(9
]

_‘/'\
.
¥ E
E A Al 1100 O B 3 A Wei's measurment, p=114 (kg'm”)[33]
E“ ; E = Present work, p =185 (kgm’)
> E 0.20 F| @ Wei's measurment, p=185 kemHpE3z @ /T
fg Al6061 T6 8 f | = Calculated results by Wei, p =83 (kg'm™)[33]
S = 015 _ = = = Calculated results by Wei, p=114 (kg )30 1M /1 /1
-E '304L SS 8 ’ E | =< Calculated results by Wei, p=185 (kg'm)[33]
S S FT : : : s
e ——Copper RRR 50 < E b oo S S
5 g 010 | | : | |
E 5} E : : ‘ : :
] CopperRRR ‘ﬁ 3
E | 150 S 0.05F A e @ Tl
0] sy ———— CopperRRR §D 3
500 Q :
0 200 400 < 0 00 ..... Llassssssss Llassssasas Llasssssaas Llassssasas Llassssssss Llasssssaas Lasas
Temperature K 300 400 500 600 700 800 900

Temperature 7 (K)

Thermal Conductivity
Left: Steel, aluminium & copper. Data from NIST [15]. Right: Aerogel [16].

Note
Thermal conductivity and electrical resistance are inversely related in metals due to free electrons. Their ratio

is proportional to temperature in accordance with the Wiedemann-Franz law [17]. Therefore, good electrical
conductors (low resistance) are good thermal conductors (high conductivity), and vice versa.
See also: phonon-electron interaction, superconductivity, Cooper pairs.
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CLASSIFICATION OF STEELS: AUSTENITIC, FERRITIC, MARTENSITIC

Austenite

Ferrite Martensite
[ ]
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Extra carbon atoms
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<
\\
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At atmospheric pressure, three allotropic forms of iron exist,
depending on temperature: alpha iron (a-Fe, ferrite), gamma iron
(7-Fe, austenite), and delta iron (o-Fe).

Magnetically, a-iron is paramagnetic at high temperatures.
However, below its Curie temperature of 771 °C it becomes
ferromagnetic.

Iron phase diagram

T (°C) A
3000
2500 -
Vapor Liquid
2000
1538 °C
1500 - ¢-iron (BCC) 1394 °C
Y-iron (FCC)

12 10 8 6 4

10° 10 107 10 10 10° 1 10 100 P (bar)
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DIFFUSION OF CARBON IN STAINLESS STEELS

-4 o0 "C IN 304 STAINLESS STEEL - )

* 114(: v 316 ) i Time | Temperature I)lfﬁz?zcn

& e¥c s 27 v g Type of steels | (o0 °C) coefficients

6 (cm?2/sec)
L7 1.44 x 105 450 9.31 x 10-13
£ gl 1.44 % 108 500 5.11 x 10-12
S 2.88 % 104 550 1.78 x 10-12
g°r 7.2 x 108 600 8.28 x 10-11
ok 7.2 %103 850 2.57 x 10-10
3.6 x 103 700 7.89 x 10-10
= 7.2 x103 710 9.56 x 10-10
12 7.2 x 103 760 2.20 % 10-9
. 316 1.8 x 103 800 4.57 x 102
50 80 70 8.0 9-01 )'(10184 10 120 30 1“0 1.8 % 103 850 8.7}. X 10_9

™ 1.8 x10° 900 1.95 % 10-8

Concentration gradient [18]: 1.8 x 108 950 3.80x 10-8
1.8 x108 1000 7.94x 10-8

de ¢ 7 3.6 x103 1050 1,20 % 10-7

dr [ W]Dt] eXp [ 4]Dt] 1.8 %108 1120 2.51 X 10;’

5 1.8 x 108 1200 5.25 % 10-7

h D=A ——
where exp[ RT]
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Composition of two X65 steels and the diffusion coefficient of hydrogen [19].

DIFFUSION OF HYDROGEN IN STAINLESS STEEL

Modern Element C Si Mn P S Cu Cr
wt% 0.07 0.22 1.19 0.011 0.003 0.14 0.15
Element Ni Mo \% Nb Ti N Fe
wt% 0.15 0.12 0.02 0.019 0.001 0.01 Bal.
Vintage Element C Si Mn P S Cu Cr
wt. % 0.1 <0.6 <1.6 <0.025 <0.015 <0.25 <0.25
Element Ni Mo \% Nb Ti N Fe
wt. % <0.25 <0.05 <0.1 <0.05 <0.02 <0.01 Bal.
(a) 10.3 (b) 10-3
Modern Vintage
—_ 104 | —_ 104 >
o i) Steel Temperature [°C] Dee(tp) [cm~/s]
5 10° *c. E 105 | ¥~
& J e - % Q ... . Modern 7 4.62 x 1077
E y R . 2 S W - -
> 10 | ‘Q:‘% = 10 } . G\:~é ~~o 21 8.56 x 1077
E of & -\_\:5 50 2.57 x 107°
T 107 | T 107 | “. 75 6.04 x 10°°
§ @ Ex-s-itu desorp?:ion §5 @ Ex-s:itu desorp?ion Vintage 7 1.05 x 10*7
o 108 | O In-situ desorption o 108 b O In-situ desorption 7
'g B Complete permeation t, 5 [l Complete permeation t, 21 1.95 x 10
b= 4 [0 Complete permeation t,4 :? ” O Complete permeation .4 50 5.05 x 10*7
10 E | A Partial permeation 10° k|4 partial permeation 75 1.25 x 1076
Lattice diffusion [4] Lattice diffusion [4] )
10-10 X . L . 10-10 . . . "
250 275 3.00 325 350 3.75 250 275 3.00 325 350 3.75

1000/T [K-]

1000/T [K]

28



STEEL RADIATION EMISSION - TEMPERATURES AND COLORS

Degrees C Degrees T Color of Metal
200 390 Feint Straw
210 410 Very Faint Straw
220 430 Light Yellow
230 445 Pale Straw Yellow
240 465 Golden Yellow/Dark Straw [
250 480 Dark Yellow Brown ]
260 500 Brown YelowPurple || NG
270 520 Brown Purple ]
285 545 Dark Purple ]
290 565 Full Blue ]
300 570 Dark Blue ]
315 600 Very Dark Blue ]
330 625 Greyish Blue ]
427 800 Dark Grey ]
537 1000 Black RedRed-grey [N
600 1110 Brown Red ]
650 1200 Blood Red ]
715 1320 Dark Cherry Red ]
770 1420 Medum cheryRed [N
815 1500 Full Cherry Red ]
843 1550 Bright Orange Red ]
875 1610 Light Red ]
oarge um (25Pu)
990 1815 Orange Yellow PIUFOIillum 94Pu
1050 1920 Dark Yellow Emissive Radiation
1003 2000 Bright Yellow
1100 2010 Light Yellow
1200 2190 White
1400 2550 Beginning to sparkle
1500 2730 Melting N/A

[\V]
Ne)



CLASSIFICATION OF STEELS: AUSTENITIC, FERRITIC, MARTENSITIC

Steel type Strength range Characteristic properties
(MN/m?)

Austenitic 200-500 Non-hardenable except by cold working. Very
high toughness. Very good formability. Creep
resistant. Non-magnetic.. Very good
corrosion resistance. High cost.

Ferritic 250-500 Good formability. Inferior corrosion resistance
to austenitic steels. High temperature
oxidation resistance. Lower cost than
austenitic steels.

Martensitic 400-2000 High strength and wear resistance. Inferior
toughness.

Precipitation 500-1640 High strength. High toughness. Optimum creep

hardened properties. High cost.

Source: Ref [1]

. Strength range refers to Yield Strength.
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COMPOSITION AND PROPERTIES OF AUSTENITIC STEEL

Nominal composition (%) AISI  Effect on properties
- Type
Cr Ni Mo Cmax Other
elements

18 8 - 0.15 302 Basic steel

17 7 -~ 0.15 301 Lower Cr and Ni for greater work
hardening

18 8 - 0.15 Sor Se 303 S added for enhanced machinability

0.15 min

19 10 - 0.08 304 Lower C for improved ductility and
weldability

19 10 - 0.03 304L  Lower C for welding of thicker
sections

18 11.5 - 0.12 305 Higher Ni for increased formability

23 13.5 - 0.20 309 Higher Cr and Ni for corrosion and
scaling resistance

25 20.5 - 0.25 310 Highest Cr and Ni to increase scaling
resistance

245 205 - 0.25 $i2.75 314 Si higher to increase scaling resistance

17 12 - 0.08 316 Mo added for more corrosion
resistance

18 10.5 - 0.08 Ti=5xCmin 321 Ti added to avoid intergranular
corrosion

18 11 - 0.08 Nb+Ta=10 347 Nb, Ta added to avoid intergranular

xC min corrosion
18 3.5-60 - 0.15 Mn 5.5%10.0 Substitution of nickel by manganese
N 0.25 max gives similar corrosion resistance

at lower cost. Strength is
approximately 50% higher but
weldability is impaired

Type 304 steel is austeno-ferritic. It contains 8 to 20% ferritic steel.
Source: Ref [1].
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COMPOSITION AND PROPERTIES OF FERRITIC STEEL

Composition (wt%) Mechanical properties Remarks
C Mn Si Cr Mo Nb Condition 0.2% Proof  Tensile Reduction Impact
(or Ta) strength strength  of area toughness
(Mn/m?) (Mn/m?) (%) (Joules)
0.08 1.0 1.0 120 B Annealed 240 450 60 50 Good formability
max max max 14.0 cold worked 520 600
012 1.0 1.0 14.0 B Annealed 300 520 60 3 Free machining grades
max max max 18.0 cold worked 550 650 containing 0.15% sulfur
available
0.12 1.0 1.0 16.0  0.75 5% C  Annealed 350 550 60 ~ Imprgved corrosion
max max max 180 1.25 resistance and
weldability
020 1.5 1.0 230 3 Annealed 375 575 45 5 Excgllent resistance to
max 27.0 high temperature

corrosion and scaling

Source: Ref [1]. Strength range refers to Yield Strength.

32



COMPOSITION AND PROPERTIES OF MARTENSITIC STEEL

Composition (wt%) Typical mechanical properties Remarks
C Mn Si Cr Ni Mo 0.2% Proof  Tensile Impact
strength strength toughness
(Mn/m?) (Mn/m?) (Joules)

0.15 1.0 1.0 11.5— For high strength tempering temperatures

max  max = max 135 B 400-1020 630-1350 >0-100 of 150-180°C are employed. For
0.15 1.0 1.0 11.5-  1.25- optimum toughness tempering

max max max 13.5 2.50 720-1050 850-1400 60 temperatures of 650-750°C are

recommended.

0.15- 1.0 1.0 120- B 1350 1600 15 High strength and wear resistance.

0.20 max max 14.0
0.20 1.0 1.0 15.0- 125~ 650-1100 875—1400 50 High strength with toughness

max max max 17.0 2.50
0.60- 1.0 1.0 16.0- 0.75

0.75 max max 180 max 1100 1825 6
0.75- 1.0 1.0 16.0— 0.75 Very high strength and wear resistance.

- 1900 1950 4

0.95 max max 18.0 max Very low toughness.
0.95- 1.0 1.0 16.0— 0.75

1.20 max max 18.0 max 1920 1980 3

Source: Ref [1]. Strength range refers to Yield Strength.
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IMPLICATIONS FOR THE DUTCH NATURAL GAS TRANSMISSION NETWORK

e The Dutch Natural Gas Transmission Network SUPPLEMENTARY LECTURES

is incompatible with hydrogen. And it cannot be e Blast Scaling:

repurposed for hydrogen service! Explosion Effects on Equipment, Structures,
e Because it is constructed from steel types (X42,..., People and the Environment

X70, etc). These are inadequate for hydrogen ser-
vice. As evidenced by Refs. [6-9,11,20]. It are

ferritic steels with a composition as summarized on e Explosions:
Slide 16. Phenomenology, Dynamics and Mitigation

e Hydrogen Storage: A Concise Overview

e Moreover: the hydrogen content may not ex-
ceed 0.2 vol% within the current/existing natural
gas transmission network

e AISI 316L appears to be the only viable option. HYNETWORK [25]

And that’s precisely what is applied for the hydro- DUTCH HYDROGEN BACKBONE

gen gas transmission network on Slide 34 New Pipelines: L360NE (X52) [26]

e Hydrogen embrittlement/damage is caused by a LAI5NE (X60) [27]
multitude of mechanisms. As per Slide 2. Con- Existing Pipelines: ~ API5L L1245 (Grade B) [28]
struction materials for hydrogen service must cope API5L L360 (X52) [26]
with all these mechanisms simultaneously. Residual Lifetime: Calculation Methods [29, 30]
e The NIPV [21], KIWA [22], DNVGL [23] and CE

Delf.t [24] reports are scientiﬁcglly wrong and mis- SUPPLEMENTARY REFERENCES
leading. And must be deemed invalid o Refs. [31-45]

e Hyperlink to Artificial Intelligence Evaluation
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https://drive.google.com/file/d/1MnCDmbj5W5OrAdszCjJa0lzACGsFb1Q0/view
https://drive.google.com/file/d/1RdtLR_AFfzTpoBNLETohDxa1OupjKZf2/view
https://drive.google.com/file/d/1RdtLR_AFfzTpoBNLETohDxa1OupjKZf2/view
https://drive.google.com/file/d/1RdtLR_AFfzTpoBNLETohDxa1OupjKZf2/view
https://drive.google.com/file/d/1JcgLCUDJzjHwbyoAnunfSsaJo1e90Dat/view
https://drive.google.com/file/d/1swm3zdtofBlunfYNUNNXfHwxm96ISdj2/view
https://drive.google.com/file/d/1swm3zdtofBlunfYNUNNXfHwxm96ISdj2/view
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