| / SAND2008- 1951C
—

Thermodynamics of Gaseous
Hydrogen and Hydrogen Transport
in Metals

C. San Marchi
B.P. Somerday

Sandia National Laboratories
Livermore, CA

MRS Spring meeting, 27 March 2008, San Francisco CA.

PR Pt Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, Sandi

VAYIN 4 for the United States Department of Energy’s National Nuclear Security Administration Nalt]' i I

under contract DE-AC04-94AL85000. atonal
Laboratories



Chemical Equilibrium: ) H, <= H

(1) Hydrogen gas Solubility k- Co

(2) Physisorption Vf
(3) Dissociation Diffusivity T=_D dc
(4) Dissolution dx
(5) Diffusion

Permeability ¢ = DK
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3 /}/Hydrogen-Assisted Fracture
Mechanisms in Metals

Hydrogen attack:

chemical reaction of atomic hydrogen with microstructural features
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 Thermodynamics of high-pressure hydrogen
- Equation of state for hydrogen
- Fugacity in gas mixtures containing hydrogen

e Equilibrium hydrogen content in metals
(thermodynamics)

- Sievert’s Law
- Stress
- Hydrogen trapping

e Hydrogen transport in metals, diffusivity (kinetics)
- Stress

- Hydrogen trapping
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> /‘*'on-ldeal Behavior of High-Pressure Hydrogen

Described by Abel-Noble EQS: | V = RT/P +b

Compressibility Factor, Z
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o Compressibility factor Z=PV,,/RT
- for ideal gas Z=1 Ideal gas EOS
- at high pressure Z>1  Abel-Noble EOS V = Vmo +b @ Sandia
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- Fugacity of Hydrogen Gas

o Thermodynamic Quantity Describing Non-ldeal Behavior

e Chemical potential of gas:  u=p,+RTIn %)
s : v, o1
e Definition of fugacity: ln(£)= S (R—”}—;)dP
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Fugacity of Hydrogen
in Ideal Gas Mixtures

Helium-Hydrogen gas mixtures: P =100MPa=p_ ., + p,,.
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Fugacity of Hydrogen
in Ideal Gas Mixtures

Helium-Hydrogen gas mixtures:
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Hydrogen partial pressure, Py (MPa)
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“#"Concentration of Hydrogen in Metals

L

Hydrogen concentration, ¢ (H/M)
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“Stress affects hydrogen content in metals
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P /ﬁﬂ'pped hydrogen can be much larger
than lattice hydrogen
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P /ﬁﬂ'pped hydrogen can be much larger
than lattice hydrogen
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y Trapping is characterized by trap energy

and lattice hydrogen concentration

Equilibrium between lattice hydrogen and traps 0, =0, exp(&)
(1 - HT) RT
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#i:re‘ss has minimal effect on Diffusivity
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usivity is Decreased by Trapping

\

Trapping affected diffusivity (D, ) is a function

of hydrogen concentration: D, c,

D ¢, +c;(1-6,)

10Q—Q—W—Q—Hﬂ—Hﬁﬁ—ﬁﬁw
10'L _
9 107%L _
%
Q 6.=0
T
10°L |
—— WB=20 kJ/mol
10-4 1 1 IIIIIII 1 1 IIIIIII L IIIIII [ 1 IIIIIII 1 L L1 111}
108 107 10°° 107 10™ 107

National
Laboratories

Trap density, n_ (mol/mol) @ Sandia



'\//

il Summary

e Hydrogen fugacity
- Abel-Noble EQOS for hydrogen
- Gas mixtures increase fugacity

e Stress

- Tensile stress increases hydrogen dissolved in metals
(compressive stress decreases hydrogen content)

- Hydrogen diffusivity is indirectly increased by stress
e Hydrogen trapping
- Low trap energy (y-SS): essentially no effect on hydrogen
and hydrogen transport
- High trap energy (iron and steels):
e Substantial increases in dissolved hydrogen content
e Large decreases in apparent hydrogen diffusivity
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