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ABSTRACT

The present work critically reviewed hydrogen diffusion and permeation in metals. The
roles of temperature, stress and traps in hydrogen diffusion and permeation are discussed.
Especially, we focused on the controversial problems such as hydrogen diffusion along
dislocations and grain boundaries, and the influence of the surface state on measurement of

hydrogen diffusivities.
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Table 1 Measured diffusivities of hydrogen in pa-
lladium

T(°K) D(107"cm?/sec) T(°K) D(107cm?/sec)
334 94 298 3.8
322.5 7.3 296.5 3.55
321.5 7.1 295.5 34
317 6.05 294.5 33
310 5.25 293 3.1
308 4.9 287.5 2.7
305.5 4.6 281 2.15
302 4.15 273 1.6

Diffusivity values measured at different initial concen-
trations. The temperature was 295°K

Col(at ppm) 05 4 8 20 100 500 1000
D10 7em*/sec) 2.2 3.2 32 3.1 3.1 3.05 3.1
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Fig. 1 Diffusion coefficients of hydrogen at 293K as a
function of concentration in single-crystalline
Pd (closed circles) and nano-crystalline Pd
(open circles). The curves were calculated by
assuming the same distribution of site energies
Calculation were made with (solid line) and

without (dashed line) solute solute interaction.
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Table 2 Composition of the steels (in 10 *wt %).

C S P Si Mn Ni Cr Mo A% Cu Al Ti B
2.25Cr1Mo, A! 154 |13 7.4 75 529 331 2518 | 1010 8 109 <3 — —
2.25CriMo, B? 131 3.2 11.5 386 513 95 2372 979 5 65 4 — -
9Cr1MoV? 99 2.5 8.5 390 380 140 8660 940 207 73 33 - -3
3Cri1MoV* 150 8 6 60 450 180 3070 970 280 70 <3 21
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Fig. 2 Diffusion coefficients, D, of 2.25Cr 1Mo A

{open circles), 2.25Cr IMo B (filled circles),
9Cr 1Mo V (filled triangles), 3Cr 1Mo V
{squares) as a function of temperature obtained
from the degassing experiments. Lines are fits
to the experimental data. The open triangles
are data on 2.25Cr 0.5Mo (A) steel obtained by
low temperature electrochemical permeation

experiments.
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Table 3 Chemical constituents of experimental materials

Stainless Amount (Wt%) of the following elements

steel Cr Ni Mn Si C Mo N S P Al Ti Cu .
316L 17.02 14.27 1.05 0.14 0.027 2.19 - <0.003 0.009 — - -
316LN 16.96 12.30 1.48 0.39 . 0.025 2.7 0.23 <0.005 0.007 — — —
21-6-9 20.27 7.56 9.26 0.40 0.031 — 0.26 <0.003 0.027 0.03 0.05 0.08
21-9-9 19.58 9.45 9.30 0.33 0.032 - 0.27 <0.003 0.034 0.02 0.05 0.08
304 18.63 8.82 1.22 0.47 0.062 — 0.022 0.035 — — —
321 17.96 8.08 0.49 0.84 0.053 - 0.010 0.032 — 0.51 -
Temperature (°C) Temperature (°C)
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Fig. 3 Hydrogen permeabilities vs. reciprocal tempera-

ture for various austenitic stainless steels.

SHIEMAEE 2% 10 cm?/s ;s BEBEER
1000ppmH¥F » EEREBER0.1x 107 °cm?/s » 1H
EZT20fE -
(2L 88 RIS HITE

MR ERER , 2 EES RIS NAE
ATUECRENEERE - —RER (I8 &
REBNETBRERM , AiESSEERN, §
FIREHEE™ - BEEFIEEE BB - 2k
—#T/E , flSun Xiu KuiF A@H A ERKE
FEH ARSI TAZRE TEETHR

14 15 1.6 1.7 18 19 20 2.1
1/T (x 107K )

4 RENEEE T 87078 B BT 85 80 - A AR CR B
Fig. 4 Hydrogen diffusivities vs. reciprocal temperat-

ure for various austenitic stainless steels.
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Fig. 5 The temperature dependence of the hydrogen
diffusivity for Incoloy 909 and Incoloy 903.
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Fig. 6 Arrhenius plot of the diffusion coefficients of

hydrogen in microcrystalline (closed circles)

and ' nanocrystalline (open symbols) nickel as

obtained by the current pulse technique. The
cumulative charge of the current pulses is given

in terms of an effective concentration Cyr
(H/Ni).
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transport.
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Fig. 8 Hydrogen diffusivity in annealed and cold-
rolled 321 and in o'-Fe and 18Ni maraging
steel (e-the degree of cold deformation).
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Table 4 Hydrogen diffusion coefficients measured by gas-phase permeation experiments

e T FAELENYE EERMENA
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Material Temperature Hydrogen D =Dyexp(—Ho/RT)
cC) Pressure Reference -
Ds(m?/s) Hp(KJ/mol)
‘ x 1077
Stainless Steel 304 227-927 0.001-0.1 8.25 49.7 (45)
Stainless Steel 316 227-927 0.001-0.1 6.32 47.8 (45)
Stainless Steel 316L 200-430 0.1 4.79 51.59 (44)
Stainless Steel 316LN 200-430 0.1 4.33 50.99 (44)
Stainless Steel 21-6-9 200-430 0.1 2.49 51.15 (44)
Stainless Steel 21-9-9 200-430 0.1 6.33 54.99 (44)
Stainless Steel 304 200-430 0.1 6.43 53.40 (44)
Stainless Steel 321 200-430 0.1 4.61 53.79 (46)
Incoloy 909 400-810 0.0027-0.13 12.0£1.0 51.0+1.0 (46)
Stainless Steel 90-330 0.014-0.1 2.82 34.36 (38)
2.25Cr1Mo Steel 25-450 3.56 20.19 43)
9CrMo V Steel 25-450 6.54 24.90 43)
3CrMo V Steel 25-450 2.50 25.35 (43)
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Fig. 9 Steady-state permeation current density as a

function of charging current density for pa-
lladium in 0.1M NaOH catholyte.
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Table 5 Anodic and cathodic current densities (/, and
i), cathodic potential U., break-throuth time
i, and diffusion coefficient of hydrogen D for
annealed microcrystalline nickel (10um thick) «

i(uA/em?) i(uA/om?)  U(Vse) i(s)  DO0cm'/s)
1.2 0.071  —0.680 310 2.1
2.4 0104  —0.770 132 5.0
5.0 0.148  —0.800 138 4.7
10 0210  —0.833 126 5.2
20 0292  —0.866 140 4.7
40 0.428  —0.898 128 5.1
80 0.640  —0.930 130 - 5.0
160 1.00 —0.970 120 5.5
320 1.59 ~1.017 130 5.0
640 2.43 ~1.054 126 5.2
1280 3.39 ~1.094 116 5.6
2560 4.04 —1.160 116 5.6
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Table 6 Hydrogen diffusion coefficients measured by electrochemical method
Material Temperature(°C) D{m?/s) Reference
Ni 0 1.45x 10 * (91)
Ni 8 1.78x 10 * 1)
Ni 23 401x10 " 91)
Ni(1050°C Annealed) (3.52+£1.02) x 10 * (51)
Ni(Aged at 600°C/24h) (3.38£0.91)x 10 * (5
Ni 20 54x10 " 47)
Pure Fe 7.9x10° 87)
Pure Fe 20 7.9x10 ° (90)
Pd 3.58x10 ® (87)
Pd 1-6x 10 " 92)
Ni;Al(120ppmB) 20 20x10 “ (15)
Ni;Al(1000ppmB) 20 0.1x10 * (15)
~10.003 % C-Fe (Spheroidized Perlite) 5-43 7.6x10 °—2x10 ° 3N
0.6 % C-Fe (Spheroidized Perlite) 5-43 32x10 °—84x10° (37)
0.003 % C-Fe(Perlite) 5-43 6x10 *—8x10°* (37)
0.6 % C-Fe(Perlite) 5-43 1.5x10 °—5x10 ° (37)
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# 7 BAEBEASHEERREE
Table 7 Hydrogen diffusivity D in pure Al deter-
mined by fluorescence discharge

L(um) (K) D(m’/s)
453 2.9x107"
459 3.7x107"
80 467 43x107"
503 1.3x10°"
517 1.7x10°"
446 23x10°"
469 49x10°"
96 483 6.8x107"
523 22x107"
560 4.7x107"
494 9.5x10°"
535 29x10°"
105 579 6.6x10°"
619 1.3x10°°
540 3.2x107%
583 6.8x 107"
130 613 1.2x10°°
531 2.9%x10°"
592 8.7x107"
150 624 1.6x10°
547 2.0x10°°
549 40x107"
578 7.7x107"
183 621 1.5 1079 .
655 2.9x10°°
681 43%10°°

L and T denote the thickness of specimen and the
temperature, respectively.
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