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Figure, Relationship between volume inflation ratio
and hydrogen pressure.
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Figure 1. (Color online) Optical microscopy images of Filler/NBR composites (a-1) SWCNT-1, (b-1) SWCNT-2,
(c-1) SWCNT-3, (d-1) MWCNT-1. SEM images of Filler/NBR composite, (a-2) SWCNT-1, X25k, (b-2) SWCNT-2, X25k,

(c-2) SWCNT-3, X 10k, (d-2) MWCNT-1, X25k.
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Figure 2. (Color online) SEM images of the residue after burning Filler/NBR composites at 700°C in nitrogen (a-1) SWCNT-1,

(b-1) SWCNT-2, (c-1) SWCNT-3, (d-1) MWCNT-1, X 100k.
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Figure 3. (Color online) SEM-EDX basic images of Filler/NBR composite. (a-1) SWCNT-1, (b-1) SWCNT-2, (c-1) SWCNT-3,
(d-1) MWCNT-1. Elemental mapping for Zn of surface of Filler/NBR composite, (a-2) SWCNT-1, (b-2) SWCNT-2,

(c-2) SWCNT-3, (d-2) MWCNT-1.
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Table 1. Chemical composition (part by weight) and mechanical properties
NBR
Items
NF CB-1 CB-2 CB-3 SWCNT-1 SWCNT-2 SWCNT-3 MWCNT-1
NBR 100 100 100 100 100 100 100 100
Carbon black (SAF) 50
Carbon black (ISAF) 50
Carbon black (HAF) 50
SWCNT 8 8 8
MWCNT 30
Stearic acid 1 1 1 1 1 1 1 1
Zinc oxide 5 5 5 5 5 5 5 5
Sulfur 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
MBTS 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
TMTD 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Hardness A54 A79 A79 A78 A87 A86 A83 A82
Tensile strength (MPa) 3.1 26.4 15.5 19.3 30.0 235 16.9 25.1
Elongation (%) 403 284 203 242 172 199 200 196
35.0 Table 2. Equilibrium hydrogen content and volume inflation ratio
j I V/7o)
300 - < SWCNT-1 — — -
e aeesees SWONT2 Sample Equilibrium hydrogen Volume inflation ratio
R 250 > iy AR, e content (mass ppm) V/vy)
£ oo | P . an G 30MPa 50MPa 90MPa 30MPa 50MPa 90MPa
% d . e CB-1 NF 677 1058 1658 1.26 1.48 2.04
§ 150 - f & L e CB-2 CB-1 1408 1880 2906 1.16 1.29 1.52
g - O CB-2 1465 1873 2910 1.15 1.28 1.57
10.0 CB-3 1548 2099 2599 1.15 1.27 1.50
SWCNT-1 648 969 1527 1.03 1.07 1.16
5.0 - SWCNT-2 660 1005 1648 1.06 1.11 1.25
0.0 ———— T_ -: . i SWCNT-3 652 981 1601 1.09 1.15 1.34
0 50 100 150 200 250 300 350 400 450 500 MWCNT-1 992 1272 1873 105 111 1.23

Strain (%)

Figure 4. Stress-Strain curves of NBR/Filler composites at 23°C

in air.
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Figure 5. Relationship between equilibrium hydrogen content and

hydrogen pressure.

Table 3. Relationship between filler volume fraction and hydrogen
diffusion coefficient in NBR /Filler composites

Filler volume Hydrogen diffusion coefficient

Sample name fraction (mm?/s)

vol.% 30MPa  50MPa 90 MPa
NF 0 7.7E-05  59E-05  5.1E-05
CB-1 20.8 39E-05 3.2E-05 3.2E-05
CB-2 20.8 4.1E-05 3.4E-05 2.9E-05
CB-3 20.8 4.2E-05 3.6E-05 2.9E-05
SWCNT-1 5.5 8.9E-05 5.8E-05 4.5E-05
SWCNT-2 5.5 7.9E-05 5.6E-05 4.2E-05
SWCNT-3 5.5 7.0E-05 5.2E-05 3.8E-05
MWCNT-1 143 7.1E-05 5.4E-05 3.9E-05
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Figure 6. Relationship between hydrogen diffusion coefficient
and filler volume fraction.
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Table 4. Effect of SWCNT aggregate state on volume inflation ratio
by hydrogen

volume inflation ratio

Aggregate paramater by hydrogen

Sample name

area ratio (%) d (um) slope
SWCNT-1 1.5 1.2 1.5E-04
SWCNT-2 10.9 4.0 2.0E-04
SWCNT-3 20.0 15.5 2.7E-04
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Figure 9. Relationship between area ratio of SWCNT aggregate
and slope of volume inflation ratio to equilibrium hydrogen content.
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Carbon nanotubes (CNT) are a fibrous carbon material with very high aspect ratio due to having nano-size diameter and lengths of more than
1 pm. Therefore, CNT reinforced rubber shows high electrical conductivity, thermal conductivity and strength, even though the added CNT is a small
fraction only. In this research, characteristics of CNT/rubber composites exposed to high-pressure hydrogen gas are assessed. As a result, it is
confirmed that both, the equilibrium hydrogen content and the volume expansion, when exposed to high-pressure hydrogen gas, are excellent after
uniformly dispersing SWCNT in the rubber, better than for other CNTs. Because of these pressure hydrogen characteristics, the CNT/rubber
composites in this research are expected to be useful as highly durable seal materials in a high-pressure hydrogen environment.
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