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EXECUTIVE SUMMARY

Archival materials test data on austenitic stainless steels for service in high pressure
hydrogen gas has been reviewed. The bulk of the data were from tests conducted prior to
1983 at the Savannah River Laboratory, the predecessor to the Savannah River National
Laboratory, for pressures up to 69 MPa (10,000 psi) and at temperatures within the range
from 78 to 400 K (-195 to 127 °C). The data showed several prominent effects and
correlations with test conditions:

e There was a significant reduction in tensile ductility as measured by reduction of area
or by the total elongation with hydrogen. Hydrogen effects were observed when the
specimens were tested in the hydrogen environment, or the specimens were precharged
in high pressure hydrogen and tested in air or helium.

e There was a significant reduction in fracture toughness with hydrogen (and sometimes
in tearing modulus which is proportional to the slope of the crack resistance curve).

e The effects of hydrogen can be correlated to the nickel content of the iron-chromium-
nickel steels. The optimal nickel content to retain the tensile ductility in wrought Fe-
Cr-Ni alloys was 10 to at least 20 wt.%.

e The effects of hydrogen can be correlated to the grain size. Large grain sizes exhibited
a greater loss of ductility compared to small grain sizes.

The Savannah River Laboratory test data, especially those not readily available in the
open literature, along with the sources of the data, are documented in this report.



WSRC-STI1-2008-00043 page 2 of 98

INTRODUCTION

The Savannah River Laboratory (SRL), the predecessor to the Savannah River National
Laboratory (SRNL), had carried out decades of research on the effects of hydrogen and
hydrogen isotopes on the mechanical properties of materials in support of high pressure
hydrogen and hydrogen isotope systems materials selection and design. Caskey [1] in
1983 provided the most comprehensive SRL database, in which the stainless steels were
categorized into four major groups or alloy types:

Type 1) Iron-Chromium-Nickel Alloys — 304L, 304N, 309S, 310, 316, Carpenter 20 Cb-3,
Incoloy® 800H (Huntington Alloys Inc.), Nickel 200, Nickel 301, and 440 C;

Type 11) Iron-Chromium-Nickel-Manganese Alloys — Tenelon® (U. S. Steel Corp.),
Nitronic®- 40 or 21-6-9 (Armco, Inc.), Nitronic®-50 or 22-13-5 (Armco, Inc.), 18-18
Plus® (Carpenter Technology), X18-3 Mn, 18-2 Mn, and 216;

Type 1) Precipitation Hardenable Alloys — A-286, JBK-75 (a modified form of A-286),
17-4PH, AM-363, CG-27, and Ni-SPAN-C (Alloy 902); and

Type V) High purity alloys — Alloy A (18Cr-10Ni), Alloy B (18Cr-14Ni), and Alloy C
(18Cr-19Ni).

The type of tests and test conditions of the database in Reference [1], excluding the
tritium results, is provided in Tables 1 to 4, corresponding to each of the four alloy
categories as described above. Tables 1 to 4 contain the alloy composition, test
environment, material treatment, data type, and the location of the datasheets in
Reference [1], which were reproduced in Appendix A of this report. In addition, Caskey
and Ratliff [2] reported materials considerations in developing onboard hydrogen storage
systems (and options) for vehicular use in an early initiative (1970s) for hydrogen as a
replacement for hydrocarbon fuel with a key date set to 2015. The hydrogen effects on
structural materials including austenitic stainless steels, embrittlement mechanisms, and
fracture modes, etc. were thoroughly discussed. The stainless steel test data in Reference
[2], and those published in the public domain, such as Caskey, et al. [3,4], Louthan, et al.
[5,6], and Somerday, et al. [7], were carefully compared with those in Reference [1]. The
data generated at SRL and relevant to mechanical properties for hydrogen systems
materials selection and design are reported collectively in this report.

Some already-published results are included for completeness, or included after
corrections were made. All the data included in this report will be consistent with the
datasheets in Reference [1] from pp. 81-123. In particular, the ultimate tensile strength
(UTS) has been converted, as possible, to the quantity that is commonly defined as the
engineering stress at the peak load. The true (plastic) strain at failure has been converted
to a more familiar parameter, Reduction of Area (RA). These results are listed in Tables
5-8. The original definitions of the measured quantities in Appendix A were listed in
Appendix B. The Appendices C and D are, respectively, the test specimen geometries
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and the actual heats of the specimens, as were referenced by the datasheets in Appendix
A.

The updated tensile properties of stainless steels are tabulated in this report. The
dependence of iron-chromium-nickel alloys on the nickel content is emphasized. The
grain size effect is discussed with 304L stainless steel test data. Following the tensile
data, the fracture testing is discussed. Both Jn (J-integral at the maximum load) and
stress intensity factor (K) were reported for stainless steels under various test
environments and exposure conditions. The orientation effect of the high energy rate
forging (HERF) is discussed. A limited amount of specimen sensitivity study on the
effect of thickness and notch/precrack was conducted.

A review of the test methods and results summarized in this report demonstrates the
importance of standardized testing. A large deviation of test data may be expected for
material testing with material precharged hydrogen versus material tested in high
pressure hydrogen gas.

Table 1 Test data and references for iron-chromium-nickel alloys

I. Iron-Chromium-Nickel Alloys

Type and Test Exposure Data Type Remarks Data Sheets
composition | Environment | Condition and page
(wt.%) numbers in
Ref. [1]
304L 78K (LN) - | None & Tensile LN: Liquid | IA-1
bar stock, as | 380K (air) 69 MPa H, Nitrogen page 81
received 470K,
19Cr, 10Ni 1449 days
304L 78 (air), None & Charpy: IA-2
as received | 298K (air) 17.9 MPa Impact page 81
H», 470K, Energy
1000 hours
304L 69 MPa Ha/He, Tensile RT: Room IA-3
tube Ho/He, RT 425K, 8 and Temperature | page 82
32 days
304L HERF | 200-380K None & Tensile HERF: high | 1A-5
air 69 MPa Ha, energy rate | page 83
620K, forged
3 weeks
304L HERF | 77 and None & Charpy IA-6
298K, air 29.6 MPa page 83
Ho, 470K,
56 days
304L HERF | 69 MPa None & Fracture C- | D2: IA-7
He /H> 69 MPa D2, | specimen Deuterium; | page 84
620K, (Im) Jm: J at max.
3 weeks load
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304L HERF | 69 MPa None & Fracture C- | dJ/da: IA-8
He /H> 69 MPa D,, | specimen tearing page 85
620K, (dJ/da) capability
3 weeks
304L heat 69 MPa Tensile GS: grain IA-9
treated, GS | He/H: size page 86
9.5 -340 um
304L heat 220K None & 69 | Tensile IA-10
treated, GS MPa (4.7cc page 86
6.1 -290 um D2/cc)
304L 220K, None & Tensile IA-11
GS 6um Crosshead: | 69 MPa, page 87
51 & 0.51 3 weeks
mm/min
304L heat 69 MPa Air, Tensile IA-12
treated, He, & H> page 87
solution
anneal &
sensitized
304L Air Tensile 1A-13
notched bar | (0.1MPa); page 88
He & Hz
(69 MPa)
304L Annealed Tensile 1A-14
notched bar Ag, 380K, page 89
200 days;
69 MPa Ho,
380K,
200 days
304L Air, 0.1 MPa Tensile 1A-15
notched bar | Ho, 1.03 page 89
MPa Ha,
6.89 H»
304L RT, Hz, Pre-existing IA-16
prestress 772 crack in page 90
MPa, Creep tensile tube:
32510 614 Slow Crack
hours Growth
304N 200-298K, None & Tensile IB-1
19Cr, 9N, air and 69 MPa H> page 91
0.13N 69 MPa He | 430K, 1000
and H» hours;
69 MPa Do,
620K,

3 weeks
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309S Air, 69 MPa | None, 69 Tensile IC-1
23Cr, 13Ni | He and H: MPa H> page 92
430K 14
days; 28
MPa Ha,
470K,
100 hours
310 bar 78 (LN) to None & 69 | Tensile ID-1
stock, as 380K (air) MPa H; page 93
received 470K
25Cr, 20N, 1449 days
0.25C
310 298K, air None & Tensile ID-2
and 69 MPa | 69 MPa H> page 93
H2, He 430K
1000 hours
316 bar air None & Tensile IE-1
stock, as 69 MPa H> page 94
received 620K
17Cr, 12Ni, 3 weeks
2.5Mo
Carpenter 20 | Air 200 None & Tensile IF-1
Cb-3® as &298K; 69 | 69 MPa D; page 95
received MPa H: 620K,
20Cr, 34Ni, | 298K 3 weeks
2.5Mo,
3.5Cu,
0.6Nb
Incoloy® 78 (LN)to | None & Tensile IG-1
800H, hot 380 K air 69 MPa H: page 95
rolled plate, 620K
solution 3 weeks
annealed
21CR, 32Ni,
0.75Cu,
0.3Al, 0.3Ti
Nickel 200 298K air, none Tensile IH-1
(annealed 69 MPa He page 96
1090K 15 and Hz
min, furnace
cool); Plus
additional
annealed
773K 64
hours, air
cooled)

99+ Ni
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Nickel 200,
Notched bar
(annealed
1090K 15
min, furnace
cool); Plus
additional
annealed
773K 64
hours, air
cooled)

298K air,
69 MPa He
and H»

None

Tensile

IH-2
page 96

Nickel 301,
(annealed
1170K 5 min,
guenched);
Plus
additional
annealed
860K 16
hours, 810K 5
hours, 755K 5
hours, furnace
cooled)

bal Ni, 1Si,
4.5Al, 0.6Ti

298K air,
69 MPa He
and H»

none

Tensile

-1
page 97

Nickel 301,
notched bar
(annealed
1170K 5
min,
quenched);
Plus
additional
annealed
860K 16
hours, 810K
5 hours,
755K 5
hours,
furnace
cooled)

298K air,
69 MPa He
and H»

none

Tensile

1J-2
page 97

440C

19Cr,
0.75Mo,
0.951t01.2C

298K air

None &
69 MPa D,
620K,

3 weeks

Tensile

IK-1
page 98
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Table 2 Test data and references for iron-chromium-nickel-manganese alloys

I1. Iron-Chromium-Nickel-Manganese Alloys

Type and Test Exposure Data Type | Remarks Data Sheets
composition Condition Condition and page
(wt.%) numbers in
Ref. [1]

Tenelon® plate, | 78 (LN) — None & Tensile lHA-1
as received, 350K air 69 MPa H> page 99
electropolished, 620K
annealed 3 weeks
1170K 24
hours, annealed
1270K 24
hours
18Cr, 15 Mn
Tenelon® air, 69 MPa | None & 69 | Tensile 1HA-2

He, 69 MPa | MPa H; page 100

H> 423K,

1000 hours
Tenelon®as 78 and Fracture- SENT: 11-A3
received, 200K SENT single edge | page 100
Anneal 1170K, (K) notched
Anneal 1270K tension,
K: fracture
toughness

Nitronic® 40 78 (LN) — None & Tensile 11B-1
(21-6-9) 380K air 69 MPa H» page 101
bar stock, as 620K
received 3 weeks
21Cr, 6Ni,
9Mn, 0.15to
0.4N
Nitronic® 40 200 and None Smooth and 11B-2
heat treated: 230K air Notched page 102
solution Anneal Tensile
& Sensitized
Sensitized 69 MPa He, | None Smooth and 11B-3
Nitronic® 40 69 MPa H2 Notched page 103
Solution Tensile
Annealed, 920
K-2 hr, 920K-

24 hr
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Sensitized 200K None & Tensile Crosshead: | 1IB-4
Nitronic® 40 69 MPa H; 5and 0.5 page 103
Solution 620K mm/min
Annealed, 3 weeks
920K-24 hr
Nitronic® 40 298K air, None Tensile 1IB-5
69 MPa He, page 104
69 MPa H»
Nitronic® 40 298K air, None & Tensile 11B-6
Cold Worked 69 MPa He, | 30 MPa H> page 104
30% 69 MPa H»
Nitronic® 40 78K (LN) — | None, 69 Tensile 11B-7
HERF 380K air MPa 470K page 105
1449 days,
69 MPa
620K
21 days
Nitronic® 40 298K, air, None & Tensile 11B-8
HERF 69 MPa He, | 28 MPa H> page 105
69 MPa H»
Nitronic® 40 77K (LN) & | None & Charpy: 11B-9
HERF 298K air 29.6 MPa Impact page 106
H2 470K Energy
56 days
Nitronic® 40 298K, 69 None & Fracture: C- 11B-10
HERF MPa He, 69 | 0.6 MPa H, | specimen page 106
MPa H» (K)
Nitronic ® 40 69 MPa He, | Annealed in | Fracture: Jm 11B-11
HERF 69 MPaH, | He, 69 MPa page 107
D2 620K
3 weeks
Nitronic ® 40 69 MPa He, | Annealed in | Fracture: 11B-12
HERF 69 MPaH, | He, 69 MPa | dJ/da page 108
D2 620K
3 weeks
Nitronic® 50 78K (LN) — | None & Tensile 1C-1
(22-13-5) 380K air 69 MPa H> page 109
bar stock, as 620K
received 3 weeks
22Cr, 13Ni,
5Mn, 2Mo, 0.2
to 0.4N
Nitronic® 50 298K, air, None Tensile lIC-2
bar stock, as 69 MPa He,
received 69 MPa H;
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Nitronic® 50 298K, air, None & Fracture: Jm 1IC-3

HERF 69 MPa He, | D2 620K and dJ/da page 110
69 MPa H, | 3 weeks

18-18 Plus® 298K, None Tensile 1D-1

18Cr,0.5Ni, 69 MPa He, page 110

18Mn, 1Mo, 69MPa H»

0.4N, 1Cu,

0.1Co

X18-3 Mn 298K, air, None Tensile lE-1

Stainless Steel | 69 MPa He, page 111

18Cr, 3Ni, 69 MPa H>

12Mn, 0.3N

18-2 Mn 298K, air, None Tensile IF-1

Stainless Steel | 69 MPa H; page 111

18Cr, 2Ni,

13Mn

216 298K, air, None & Tensile 11G-1

20Cr, 6N, 69 MPa He, | 69 MPa page 112

8Mn, 2Mo, 69 MPaH, |430K

0.32N 1000 hours

Table 3 Test data and references for precipitation hardenable alloys

I11. Precipitation Hardenable Alloys

Type and Test Exposure Data Type | Remarks Data Sheets
composition Environment | Condition and page
(wt.%) numbers in
Ref. [1]

A286 220 and None & Tensile I1A-1
15CR, 26N, 298K, air 2.1 MPa Ar, page 113
1.25Mo, 2Ti, 69 MPa D>
0.25Al, 0.3V 620K

3 weeks
A286 HERF 298K, None & 1.6 | Fracture: K IH1A-2
(Heat 1, Heat 69 MPa He, | MPa D; page 114
2, Re-11) 69 MPaH, | 990K 8

hours; 1.5

MPa D>

990K 8

hours




WSRC-STI1-2008-00043

page 10 of 98

A286 base 298K air 0.21 MPa Charpy: Contains I1A-3
metal and weld Ar 370K Impact data for page 115
metal 200 days Energy specimens
exposed to
deuterium
and tritium
A286 69 MPa He, | 69 MPa D, | Fracture C- IHA-4
69 MPaH; | 620K specimen page 116
3 weeks (Im)
A286 69 MPa He, | 69 MPa D, | Fracture C- I1A-5
69 MPaH; | 620K 3 specimen page 117
weeks (dJ/da)
JBK-75 HERF | 298K, None Tensile 1B-1
15Cr, 30N, 69 MPa He, page 118
1.25Mo, 2Ti, 69MPa H>
0.25Al,
0.001B, 0.25V
JBK-75 HERF | 298K, None & 0.7 | C-shaped 11B-2
69 MPa He, | MPa D> Fracture: K page 118
69MPa H; 625K
17-4 Stainless | 298K, air, 69 MPa He | Tensile Contains 1C-1
Steel, tensile 69 MPa He data for page 119
tubes specimens
16.5Cr, 4N, exposed to
4Cu, 0.3Nb deuterium
and tritium
17-4 PH 69 MPa He, | None C-shaped Hardness; C-2
Stainless Steel | 3.5 MPa Hy, Fracture: K | R¢ data page 119
Solution 69 MPa H> available
annealed 2 hrs
1339K, aged 1
hour 709-866K
AM-350, 298K, air, None & Tensile 11D-1
ConditionH - | 69 MPa He, | 69 MPa page 120
annealed 1310 | 69 MPa D2, | 570K
to 1350K air 6.9 MPa D2, | 26 days
cool or water 0.69 MPa D | (test in air
quench only)
16.5Cr, 4.3Ni,
2.8Mo, 0.1N
AM-363 298K air None & Smooth and IE-1
11.5Cr, 4.5Ni, 0.21 MPa Notched page 120
0.5Ti D2 630K Tensile

5 days
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CG-27 298K air, None & Tensile IF-1
(also CG-27 69 MPa He, | 69 MPa H> page 121
HERF) 69 MPaH; | 425K 72
13Cr, 38Ni, hours
6Mo, 2.5Ti,
1.6Al, 0.6Nb
Ni-SPAN-C 298K, air, None Tensile 1G-1
(Alloy 902) 69 MPa He, page 121
Sheet 69 MPa H,
specimens 0.25 | 6.9 MPa H»
& 19 mm gage
length
5Cr, 42Ni,
0.5Al, 2.5Ti
Table 4 Test data and references for high purity alloys
IV. High Purity Alloys
Type and Test Exposure Data Type | Remarks Data Sheets
composition Environment | Condition and page
(wt.%) numbers in
Ref. [1]

Alloy A 78 (LN) — None & Tensile IVA-1
18Cr, 10Ni, 370K air 69 MPa H; page 122
N<0.01 620K

3 weeks
Alloy B 78 (LN) — None & Tensile IVB-1
18Cr, 14Ni, 370K air 69 MPa H; page 123
N<0.01 620K

3 weeks
Alloy C 78 (LN) — None & Tensile IVC-1
18Cr, 19Ni, 370K air 69 MPa H; page 123
N<0.01 620K

3 weeks

TENSILE PROPERTIES

Most of the tensile tests referenced in Tables 1 to 4 above were carried out with smooth
bar specimens as shown in Figure 1 with gage lengths 12.7, 25.4, and 50.8 mm (or %, 1,
and 2 inches), respectively. The test temperature ranged from 4 K (liquid helium) [8],
78 K (liquid nitrogen) to 380 K in air [1]. The test pressure was up to 69 MPa (10,00 psi)
in helium or hydrogen. The test specimens included the unexposed and the hydrogen or
deuterium charged at various temperatures, lengths of time, and pressures. The test data
were reported as 0.2% offset yield stress, stress at 5% strain, UTS or UTS in true stress,
uniform elongation (elongation at UTS), elongation at break or total elongation, reduction
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of area, and/or true failure strain. Occasionally, there were tests conducted with thin
sheet specimens and tube specimens [1]. The data from circumferentially notched tensile
bars were not included in this report, since they were used to enhance the hydrogen effect
by stress concentration and therefore do not represent standard tensile properties. Most
of the tensile tests were carried out with a crosshead speed of 0.5mm/min for specimens
with 25.4 mm gage (Tensile Specimen B in Fig. 1) [1,4,9-12].

Tables 5 through 8 list the tensile properties of alloys Type | (Fe-Cr-Ni), Type Il (Fe-Cr-
Ni-Mn), Type Il (precipitation hardenable), and Type IV (high purity), respectively.
Because various hydrogen exposure conditions would result in drastic change of
mechanical properties, Tables 5 to 8 contain data only from the unexposed specimens
tested in air and in 69 MPa gaseous environments (hydrogen and helium) at room
temperature (298 K). The yield stress refers to the stress at 0.2% strain unless otherwise
specified (e.g., stress at 5% strain will be denoted as “5%?”), ultimate tensile strength
(UTS, or engineering stress at the peak load), uniform elongation (engineering strain at
UTS before necking takes place) unless otherwise specified (denoted by “true” if only the
true stress was reported), total elongation (engineering strain at failure), reduction of area
(RA, defined as 1-R¢/Ro, where R, is the original cross-sectional area of the tensile
specimen, and R is the final cross-sectional area at break). Note that the elongation data
are specimen gage length sensitive, the SRL tensile specimen types (i.e., Type A, B, and
C in Fig. 1) and the gage lengths are included in Tables 5 to 8. The original (e.g.,
laboratory notebooks or internal reports/memoranda) data sources are provided if
possible. The data attributes (such as the stress and strain measures, or the yield stress
definitions) found in open literature and in the internal SRL reports may be occasionally
inconsistent. If this was observed, the data information reported in the datasheets of
Reference [1] was considered as accurate.

The following equations are used to convert the non-conventional data definitions in the
SRL datasheets [1], unless the needed parameters are not provided:

UTS = (True ultimate tensile Stress in Ref. [1])/(1 + Uniform Elongation)
RA =1-exp(-¢;), where ¢ is the true strain at failure [1].

If the uniform elongation was not reported, then the conventional UTS (engineering
stress) cannot be converted from the reported value of true stress. Also note that the total

elongation is not easily related to RA or s{) via the plastic incompressibility unless the

curvature of the deformed gage section is measured, since the cross-sectional area is no
longer uniform in the post-necking configuration.

When the data or the references are not found, the entries in Tables 5 to 8 will be marked
aS 55_1’.
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Smooth Bar Tensile Test Specimen B
Smooth Bar Tensile Test Specimen A
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(c) Tensile Specimen C, Gage length: 12.7 mm (*2in.)

Figure 1 SRL tensile test specimens
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Table 5 Tensile properties for Fe-Cr-Ni Alloys

Strength (MPa) Ductility (%)
Stress at Ultimate Speci-
Test 0.2% offset | Tensile Uniform Total men Reduction
Alloy Environ- | unless Strength Elonga- Elonga- | Type of Area Ref.
ment. specified (UTS) tion tion and (RA)
unless Gage
specified (mm)
304L Air - - - - - [1] 1A-9,
As received He 390 (5%) 574 62 71 TypeB | 89 [13]
Grain Size H2 390 (5%) 583 56 62 (25.4) 76
(GS)=9.5 um
304L Air - - - - - [13]
Sensitized at | He 380 (5%) 596 56 63 Type B | 82
920K 24hrs H2 380 (5%) 599 57 63 (25.4) 68
(GSHLO pm)
304L Air - - - - - [1] 1A-9,
Annealed at | He 260 (5%) 532 82 89 TypeB | 90 [13]
1170K Hz 240 (5%) 515 88 94 (25.4) 92
for 24hrs
GS=30um
304L Air - - - - - [1] 1A-9,
Annealed at | He 250 (5%) 510 90 99 TypeB | 90 [13]
1270K H2 240 (5%) 500 86 91 (25.4) 69
for 24hrs
GS=55um
304L Air - - - - - [1] 1A-9,
annealed at He 190 (5%) 458 81 88 TypeB | 89 [13]
1470K H2 180 (5%) 451 84 88 (25.4) 65
for 24hrs
GS=340um
304L Air - - - - - [13]
As machined | He - - - - TypeB | -
Hz 370 (5%) 569 60 66 (25.4) 78
304L Air - - - - - [13]
Electro- He 376 (5%) 589 68 76 TypeB | 91
polished H2 370 (5%) 593 62 73 (25.4) 90
304L Air - - - - - [13]
Electro- He - - - - TypeB | -
polished * H2 390 (5%) 591 64 73 (25.4) 85
Pd plated
304L Air - - - - - [13]
Annealed at | He - - - - TypeB | -
1170K , 5 H2 270 (5%) 519 83 93 (25.4) 87
min. in
Argon,
Quenched in
8% UCONC®
Coolant
304L Air - - - - - [13]
Annealed at | He - - - - TypeB | -
1170K, 5 H2 260 (5%) 532 86 92 (25.4) 83
min. in
vacuum,
slow cool
304L Air 380 (5%) 630 (true) - - 86 [1] IA-12
Solution He 375 (5%) 600 (true) - - TypeB | 89
Anneal H2 370 (5%) 580 (true) - - (25.4) 75
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304L Air 300 (5%) 560 (true) - - 83 [1] I1A-12
Sensitized He 350 (5%) 670 (true) - - Type B | 89
Hz 330-350 660 (true) - - (25.4) 50-55
(5%)
304N Air 760 880 - 33 Type A | 71 [1] 1B-1
He 630 850 - 43 (50.8) 74
H2 640 840 - 36 54
309S Air 290 600 - 54 Type A | 72 [1]1C-1
He 276 580 - 60 (50.8) 71
Hz 260 586 - 63 74
310 Air 210 540 - 61 Type A | 79 [1] ID-2
He 180 480 - 70 (50.8) 80
H2 186 490 - 67 82
316 Air - - - - ?) - [14]
(unknown He 186 (?) 565 (?) - 74 81
data source) | H 206 (9 503 (?) - 48 33
Carpenter Air 236 600 - 48 Type B | 68 [1] IF-1
20 Cb-3 He - - - - (25.4) -
Hz 230 590 - 48 68
Incoloy® Air 310 (5%) 554 48 55 Type B | 62 [1]1G-1
800H He - - - - (25.4) -
H2 - - - - -
Nickel 200 Air 88 (5%) 506 (true) - 55 Type A | 90 [1] IH-1
Annealed at | He 120 (5%) 490 (true) - 55 (50.8) 91
1090K, 15 H2 106 (5%) 470 (true) - 51 53
min, furnace
cooled
Nickel 200 Air 135 (5%) 480 (true) - 50 Type A | 89 [1] IH-1
Annealed at | He 122 (5%) 450 (true) - 48 (50.8) 87
1090K, 15 Hz 156 (5%) 460 (true) - 45 50
min, Plus
annealed at
773K, 64
hrs, air
cooled
Nickel 301 Air 451 (5%) 778 (true) - 39 Type A | 85 [ 13-1
Annealed at | He 486 (5%) 791 (true) - 34 (50.8) 74
1170K, 5 Hz 532 (5%) 618 (true) - 12 20
min,
guenched
Nickel 301 Air 1008 (5%) | 1380 (true) - 23 Type A | 39 [1] -1
Annealed at | He 1009 (5%) 1350 (true) - 22 (50.8) 34
1170K, 5 H2 - 850 (true) - 4 0
min, Plus
annealed
860K 16 hrs,
810K 5 hrs,
and 755K 5
hrs, furnace
cooled
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Table 6 Tensile properties for Fe-Cr-Ni-Mn Alloys

Test Strength (MPa) Ductility (%) Ref.
Alloy Environ- | Stress at Ultimate Uniform Total Speci- Reduction

ment. 0.2% offset | Tensile Elonga- Elonga- | men of Area

unless Strength tion tion Type (RA)
specified (UTS) and
unless Gage
specified (mm)

Tenelon® Air 570 930 - 56 Type A | 65 [1] NA-2
(U.S. Steel He 500 875 - 65 (50.8) 68
Corp) H2 500 900 - 55 47
Nitronic®-40 | Air 400 670 - 58 Type A | 78 [1] IB-5
(21-6-9) He 350 700 - 69 (50.8) 77
(Armco, Inc) | H2 360 700 - 61 76
Nitronic®-40 | Air 1240 1290 - 26 Type A | 58 [1] 11B-6
(21-6-9) He 1010 1050 - 26 (50.8) 63
Cold worked | H2 980 1100 - 26 64
30%
Nitronic®-40 | Air 610 790 - 34 Type A | 74 [1] IB-8
(21-6-9) He 570 780 - 34 (50.8) 75
HERF H2 570 790 - 30 73
21-6-9 Air - - - - TypeB | - [15]
As received He 640 741 42 52 (25.4) 67 p.130

H2 650 755 41 50 70
21-6-9 Air - - - - TypeB | - [15]
Heat treated | He 620 770 43 50 (25.4) 78 p.130
at 923K 2 Hz 620 763 42 49 78
hrs, Argon
cooled
21-6-9 Air - - - - TypeB | - [15]
Heat treated | He 607 760 46 53 (25.4) 75 p.130
at 923K 24 H2 600 756 46 52 67
hrs, Argon
cooled
Nitronic®-50 | Air 440 710 - 43 Type A | 72 [1uc-2
(22-13-5) He 400 680 - 47 (50.8) 74
(Armco, Inc) | H2 400 680 - 45 73
18-18® Plus | Air - - - - Type A | - [1] nD-1
(carpenter He 520 910 - 63 (50.8) 78 [2]
Technology) | H 506 800 - 42 34
X18-3 Mn Air 580 810 - 45 Type A | 71 [1] NE-1

He 530 790 - 50 (50.8) 74

H2 520 790 - 46 73
18-2 Mn Air 730 1007 - 51 Type A | 58 [1] NF-1

He - - - - (50.8) -

Hz 660 924 - 33 27
216 Air 640 810 - 40 Type A | 67 [1] nG-1

He 590 790 - 45 (50.8) 70

H2 590 780 - 44 69
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Test Strength (MPa) Ductility (%) Ref.
Alloy Environ- | Stress at Ultimate Uniform Total Speci- Reduction
ment. 0.2% offset | Tensile Elonga- Elonga- | men of Area
unless Strength tion tion Type (RA)
specified (UTS) and
unless Gage
specified (mm)
A286 Air - - - - ? - [14]
(unknown He 724 (?) 1117 (?) - 26 47
data source) | H 710 (9) 1131 () - 34 49
JBK-75 Air - - - - TypeC | - [1] tB-
HERF He 800 1090 10 14 (12.7) 47 1
Hz 809 1160 10 13 33
17-4PH
(No data)
AM350 Air 420 1160 - 70 ? - [1] HID-
Annealed at He 420 1240 - 55 - 1
1310 to D2 430 520 - 2.6 -
1350K, air
cooled, or
water
guenched
AM363
(No data)
CG-27 Air - - - - Type A | - [1] HIF-1
He 806 1165 - 29 (50.8) 26 [14]
Hz 855 1117 - 10 12
CG-27 Air - - - - Type A | - [1] HIF-1
HERF He 1070 1385 - 12 (50.8) 12
H2 1034 1138 - 1 3
Ni-SPAN-C | Air 760 1186 - 10 Sheet - [1] G-
(Alloy 902) He 750 1160 - 16 (19) - 1
H2 650 1130 - 15 -
Table 8 High Purity Alloys
Test Strength (MPa) Ductility (%) Ref.
Alloy Environ- Stress at Ultimate Uniform Total Speci- Reduction
ment. 0.2% Tensile Elonga- Elonga- | men of Area
offset Strength tion tion Type (RA)
unless (UTS) and
specified unless Gage
specified (mm)
Alloy A Unknown Type B [1]
18CR-10Ni Pressure (25.4) IVA-1
Air 350 (5%) | 780 62 73 81 [15]
He - - - - 82 p.167
H2 - - - - 26
Alloy B Unknown Type B [1] IvVB-
18CR-14Ni Pressure (25.4) 1
Air 340 (5%) | 640 61 69 79 [15]
He - - - - 83 p.167
Hz - - - - 91
Alloy C Unknown Type B [1]
18CR-19Ni Pressure (25.4) IvVC-1
Air 330 (5%) | 610 49 58 81 [15]
He - - - - 82 p.167
Hz - - - - 92
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Hydrogen Effects on Tensile Ductility

The ductility loss is the most pronounced hydrogen effect on tensile test results for
stainless steels. This significant phenomenon is reflected by the data reported in
Reference [1], which documented the mechanical testing conducted at SRL from 1970s
to 1983 for unexposed (not precharged) specimens that were tested in high pressure
hydrogen; and for specimens precharged with hydrogen with various conditions (duration
and temperature) and then tested in air, helium, or hydrogen environments. Most of the
hydrogen pressure used for precharging or for test environment was 69 MPa. No
systematic studies of pressure level effect on ductility were conducted.

Hydrogen concentrations were measured for some exposed tensile specimens and the
results are listed in Table 9. In addition, the grain size and nickel content were found to
be related to the degree of ductility loss in hydrogen environments (Fig. 2).

Hydrogen Concentration

The hydrogen concentration in metal may be an indication of degree of hydrogen damage.
Specimens were cut from the gage or the end of the post-test tensile specimens and the
hydrogen concentrations were measured with a LECO RH-1 Hydrogen Determinator [4].
Table 9 which was reproduced from Reference [4] shows the hydrogen concentration
when the tensile specimens were exposed to 69 MPa deuterium (D) at 620 K for three
weeks. The compositions of the alloys can be found in Tables 1 to 4 or from Appendix A.
It is believed that the high hydrogen concentrations in Tenelon®, Nitronic® 40, and
Nitronic® 50 were caused by the added nitrogen as austenite strengthener, which trapped
the excess hydrogen [4].

Table 9 Hydrogen Concentration in Austenitic Stainless Steel Tensile Specimens [4]

Alloy Hydrogen Concentration (cc D/cc alloy)
304L (bar) 4.5
310 (plate) 6.5
316 (bar) 4.9
330 (bar) 5.1
A286 (bar) 4.4
I800H (bar) 4.0
Nitronic® 40 (bar) 8.7
Nitronic® 50 (bar) 12.8
Tenelon® (bar) 10.0
A 2.3
B 5.1
C 4.8




WSRC-STI1-2008-00043 page 19 of 98

Effect of Grain Size

Stainless steel 304L was heat treated to achieve various grain sizes ranging from 9.5 um
(as received) to 340 um (annealed at 1470 K for 24 hours). Unexposed tensile specimens
were tested in 69 MPa helium and in 69 MPa hydrogen. It can be seen from Figure 1 that
304L with the larger gain size is more susceptible to hydrogen damage in losing ductility
[13]. This is the only known study at SRL using 304L stainless steel for grain size effect.

30 T |
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o 304 L
2
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A= —]
- 20—
=
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3 Ductility Loss Alloy
o .
2 4 _ RAIinH;
2 RAin He
9 10 y el
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= X
©
3
o

Source: DP-MS-79-018
Caskey and Donovan, 1979
o 1 | 1
0.1 0.2 0.3 0.4

Grain Diameter, um~1/2

Figure 2 Ductility loss in 69 MPa hydrogen environment for 304L with various grain
sizes [13]

Effect of Nickel Content

It was first pointed out by Caskey [1,3] that there is a strong correlation between the
hydrogen embrittlement and the nickel content in the iron-chromium-nickel alloys based
on tensile testing in 69 MPa hydrogen environment at room temperature. By plotting the
retained ductility of the Fe-Cr-Ni alloys versus the nickel composition, it can be seen that
the resistance of hydrogen damage in ductility begins to improve at nickel content
between 8 to 14 wt.%. It is possible that the austenite stability was increased with respect
to the transformation to o’-martensite at room temperature and to e-martensite when the
nickel content is increased (both o’-martensite and e-martensite are detrimental to
ductility). This correlation appeared to be valid for commercial grade and high purity
alloys. The relationship between the retained ductility and the nickel content has been
recently reconstructed by Morgan [12] and was modified by adding more alloy data. The
resulting plot, similar to Figure 1 in Reference [1], is shown in Figure 3. Most of the data
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points were obtained by testing unexposed (not precharged) specimens in 69 MPa
hydrogen, except A-286 and 17-4 for which hydrogen-precharged specimens were used
in testing. The correlation between the resistance of hydrogen damage and nickel content
was not unique for iron-chromium-nickel-manganese alloys. Therefore, they were not
included in Figure 3.

Note that “Retained Ductility” in Figure 3 is defined as RAH2/RAuir or RAH2/RAHe, Where
RAH2, RAuir, and RAHe are, respectively, the reduction of area (RA) for specimens tested
in hydrogen, in air, and in helium. It appears that the optimal nickel content to retain the
tensile ductility in wrought Fe-Cr-Ni alloys is 10 to at least 20 wt.%.

1.2
1 HERF A-286
1.1
| 309S 310.
Lo A A c ‘t 20 Cb3
00 1 304LGS=30um Alloy B Alloy C arpenter
! 304L Soln Anneal 316 ‘ .
08 | 304L GS=9.5 Incoloy 800H ® Fe-Cr-Ni Alloys
2" 304N 304L GS=55 um L
= ] 304L GS=340 um M Precipitation Hardenable Alloys
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o 05 1 A28 Il A High Purity Alloys
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X 0.4
0.3 | ’Inconel 718
02 " B 17-4 HERF cG 27 ll
T a0
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1 S AM350
00 o 2 . —— |
o 440C 10 20 30 40 50 60
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Figure 3 Correlation between retained ductility and nickel content for Fe-Cr-Ni and high
purity alloys [16,1].

The actual values of the reduction of area for alloys in Figure 3 are shown in Figure 4, in
which the retained ductility for each alloy was also plotted. These test results indicated
that the ductility of alloys 309S, 310, and HERF A-286 was actually increased in the
hydrogen environment, contrary to the common observation. It should be noted that
alloy 440C contains zero nickel, and exhibited a completely brittle fracture at break (no
reduction of area).
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Figure 4 Reduction of area and retained ductility for Fe-Cr-Ni, precipitation hardenable,
and high purity alloys.

FRACTURE PROPERTIES

The loss of fracture toughness is a pronounced hydrogen effect in stainless steels. Most
of the SRL fracture testing was carried out with C-shaped specimens (Fig. 5a), which is a
standard test specimen in ASTM E 399 [17] for linear elastic fracture mechanics. In
addition, the single edge notched tension (SENT) specimens (Fig. 5b) were sometimes
employed. The test results were summarized in Reference [1]; and for several HERF
stainless steels, data can be found in Reference [18]. Because of the instrumentation
difficulties for measuring fracture parameters in high pressure hydrogen environment,
and the tedious test procedure for elastic-plastic fracture mechanics (ASTM E 813 [19]),
SRL developed Jn approach [1] as an alternative parameter for Jic. The Jm is the J-
integral value calculated at the maximum load, at which the crack initiation was assumed
to take place. A subsequent verification study was carried out with A-286 and 21-6-5
stainless steels [20] following ASTM E 813 procedure. It was demonstrated that the Jm is
about 10% higher than Jic. However, it was considered quite acceptable [20] because the
J-integral testing with the same material using the same technique often times contains
even higher data deviation than 10%, and that is the inherent nature of material ductile
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failure under elastic-plastic deformation. Furthermore, considering the data deviation
resulted from different fracture toughness measurement techniques or different specimen
types, the variation between Jm and ASTM Jic appears to be small.
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(a) C-shaped specimen (b) single edge notched tension (SENT)

Figure 5 SRL Fracture test specimens

Fracture Data for Forged Alloys

Strong orientation effects on the mechanical properties have been noted for HERF
stainless steels, especially in the determination of fracture toughness. The C-shaped
specimens were fabricated such that the initial machine notch was parallel (0°), 45°, or
perpendicular (90°) to the forging flow lines. The schematic specimen layout [1,21] can
be seen in Figure 6. The actual forging flow lines in such materials can be observed
through scanning electron microscopes, as shown in Figure 7. It can be seen that the
crack growth resistance is very poor when the initial notch is in parallel with the forging
flow lines. A markedly higher J-integral can be obtained for notch orientation at 45° or
90° with respect to the flow lines.
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Cross Section of Bar Parallel Orientation of Notch
Showing Forging Flow Lines

45° Orientation of Notch 90° Orientation of Notch

Figure 6 Notch orientation and the forging flow lines

(a) SpeC|men Crosssectlon (SEM 500X) (b) Fracture surface (SEM 500X) B

Figure 7 Forging flow lines as shown by scanning electron microscope (SEM). The
actual dimension was not labeled [21].
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J-integral Testing (Jm)

The J-integral test data (Jm) for HERF 304L, Nitronic 40%® (21-6-9), Nitronic 50® (22-13-
5), A-286, and 316 are shown in Figures 8 to 12, respectively. Additional test data prior
to June 1982 were summarized in Reference [21], which are reproduced in Table 10 and
plotted in Figure 13. Note that the values of Jm have been corrected for combined tension
and bending in the specimen, and were averaged if multiple orientations were tested.

304L Stainless Steel
(HERF)
1200 —
(] Tested in Helium
1000 [} Tested in Hydrogen_
Charged with
ﬂ:/ Deuterium,
g’ Tested in Hydrogen
800 |- ; i
£ %
~E o
600 / .
: Z
400 - | o % T / 3 =l
g < % :
— | §% 3 B
200 , : / ‘;-
g g 477 H
47 N7 I
0 A
Paraliel 45° 9p°
Orientation Orientation Orientation

Figure 8 J-integral test results for HERF 304L under various test environments and
specimen conditions [1].
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Figure 9 J-integral test results for HERF Nitronic 40%® (21-6-9) under various test
environments and specimen conditions. [1]
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Figure 10 J-integral test results for HERF Nitronic 50% (22-13-5) under various test
environments and specimen conditions (based on Data Sheet 11C-3 in Ref. [1]).
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Figure 11 J-integral test results for HERF A-286 under various test environments and

specimen conditions [1].
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Figure 12 J-integral test results for HERF 316 under various test environments and
specimen conditions [18].
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Table 10 Summary of SRL fracture test results up to June 1982 [21]

Jm?
Jm? Jm? Precharged
Alloy Tested in Tested in in Deuterium
69 MPaHe | 69 MPaH; | and tested in Remarks
(kJ/m?) (kJ/m?) 69 MPa H;
(kd/m?)

304L HERF 701 573 489 -
316 HERF 792 880 - -
316 WR? 312 268 - 1 orientation
310S HERF 537 417 291 6J Forging
21-6-9 HERF® 686 475 695 -
21-6-9 HERF® 468 158 2 orientations
21-6-9 CRP? 1409 1158 - Forging Step 7,

2 orientations
21-6-9 WR? 281 259 - 1 orientation
JBK-75 HERF 560 377 201 -
A-286 HERF 539 497 132 -
22-13-5 HERF 289 72 116 2 orientations
17-4PH STA*# 80 4 - -
17-4PH Annealed 995 85 - -

1. Jm: with Merkle-Corten correction [22] for the combined tension and bending in
specimens. The values were averaged if multiple orientations were tested.

2. WR: Warm Rolled

3. CRP: Cross-Rolled Plate

4. STA: solution treated/annealed

5. Alloys from different sources.
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17-4PH Annealed

17-4PH STA

1 M Precharged with 69 MPa D2 &

22-13-5 HERF Tested in 69 MPa H2
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JBK-75 HERF F—‘ E Tested in 69 MPa He
21-6-9 WR
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a Note:
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b . . .
21-6-9 HERF 2. v Correc_ted for combined tension
and bending loads

‘_‘ 3."a"and "b": Two different 21-6-9
310S HERF forgings

4. HERF: High Energy Rate Forged
316 WR 5. WR: Warm Rolled
6. CRP: Cross-Rolled Plate
316 HERF 7. STA: Solution Treated/Annealed
304L HERF ‘

| T T T T T T 1 I I I I I I I
L e e B e e e L L e e e e o e s s s s s s L s s s s s s s e LA

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Jom (kI/IM?)

Alloy Types

Figure 13 Fracture toughness (Jm) for various types of stainless steel. Note that the
values for HERF materials were averaged by the number of orientations that were tested.

Thickness and Notch Effects (HERF 21-6-9)

Thickness and notch effects on fracture properties with C-specimens were investigated
with HERF MP35N (nickel-cobalt based alloy) and HERF 21-6-9 in 69 MPa helium and
in 69 MPa hydrogen [21]. In addition to the SRL standard C-specimen thickness (3.81
mm or % in.), another thickness of 6.35 mm (0.25 in.) was chosen. The initial machine
notch length was 1.27 mm. Two specimens with 6.35 mm thick were not precracked
(tested respectively in helium and in hydrogen). The test results for 21-6-9 are plotted in
Figure 14. The data scatter is less for the standard thickness (thinner specimens).

The averaged Jm values for testing in helium are higher than that in hydrogen, which is
consistent with the data trend of hydrogen damage. However, the overall data scattering
leads to inconclusiveness for the thickness and the notch effects. In fact, the higher
averaged values of Jy for thicker specimens seem to contradict the constraint theory in
fracture mechanics, which predicts that, qualitatively, thinner specimens tend to have
higher fracture toughness [23] because it allows much larger plastic zone to develop
around the crack tip. All the discrepancies may be resulted from the anisotropy of the
HERF materials (see Fig. 9 for alloy 21-6-9). A refined experiment with a carefully
designed test matrix could resolve the discrepancies.
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Two additional sets of test data found in Reference [21] are included in Figure 14: 1)
Two specimens with different orientations precharged with deuterium in 69 MPa at
190 °C for six weeks and then tested in 69 MPa hydrogen environment; and 2) Two
specimens tested in 69 MPa hydrogen in a separate experiment. These data further
suggested that the testing for HERF materials be conducted with careful planning and
characterization.

1200 7

100 ] . HERF 21-6-9 /No Precrack
] Thickness and Precrack Effects X in Helium

1000 Ef ><

900 ,, ® 69 MPa H2, t=6.35 mm F-]

® 69 MPa H2, t=3.81 mm
X 69 MPa He, t=6.35 mm b
X 69 MPa He, t=3.81 mm
] 0 D2-H2, t=3.81 mm
700 T — Hydrogen Averaged
] — Helium Averaged
600 + A 69 MPa H2, Separate Tests
1 O Precharged with D2 tested in H2

800 +
i == Averaged (He, t=6.35 mm)
°

Jm (kI/m?)

500 1

X
— Averaged (H,, t=6.35 mm)

- Pem

400 1
] Averaged (He, t=3.81 mm)

Typical SRL C-Specimen L]

Thickness=0.15 in. (3.81mm) '\
°
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100 +

@ o1 o xx1} xX

o+ttt
2 3 4 5 6 7 8

Specimen Thickness (mm)

Figure 14 Thickness and notch effects on fracture toughness (Jm) of HERF 21-6-9 in
hydrogen environment

Stress Intensity Factor (K) Testing

Alloys Tenelon®, HERF Nitronic® 40 (21-6-9), HERF A-286, HERF JBK-75, and 17-4
PH were tested for fracture toughness in terms of stress intensity factors under various
test environments (temperatures or high pressure gases) and specimen preparations (aged,
annealed, or exposed to hydrogen at difference pressures). The tests were conducted with
either C-shaped (Fig. 4a) or SENT (Fig. 4b) specimens. The results are listed in Tables
10 to 14.
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Table 11 Fracture toughness (K) for Tenelon®
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Tenelon® (Ref.: Data Sheet 11A-3, Ref. [1], page 100)

Test Specimen: SENT (Fig. 4b)

Test Temperature Test Specimen Condition Specimen Fracture Toughness
(kelvin) Environment Exposure (MPa+/m)
78 - As received - 68.6
78 - Annealed - 36.5
1170 K

78 - Annealed - 71.4
1270 K

200 - As received - 127.8

200 - Annealed - 99.6
1170 K

200 - Annealed - 120.5
1270 K

Table 12 Fracture toughness (K) for HERF Nitronic® 40 (21-6-9)

Nitronic® 40 (Alloy 21-6-9) HERF (Ref.: Data Sheet 11B-10, Ref. [1], page 106)

Test Specimen: C-specimen (Fig. 4a)

Test Temperature Test Specimen Condition Hydrogen Fracture Toughness
(kelvin) Environment Exposure (MPa+m)
298 69 MPa He - None 79
298 69 MPa H» - none 81
298 69 MPa H» - 0.6 MPa H» 62

Note: For independent test results for Jm, see Figure 9.




WSRC-STI1-2008-00043

Table 13 Fracture toughness (K) for HERF A-286
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A-286 HERF (Ref.: Data Sheet 111A-2, Ref. [1], page 114)

Test Specimen: SENT (Fig. 4b)

Test Temperature Test Specimen Condition Hydrogen Fracture Toughness
(kelvin) Environment Exposure (MPavm)
298 69 MPa He | Aged 4 hrs 990 K none 76
(Heat 1)
298 69 MPaH, | Aged 4 hrs 990 K (ditto) 89
(Heat 1)
298 69 MPa He | Aged 8 hrs 990 K none 71
(Heat 1)
298 69 MPa H, | Aged 8 hrs 990 K (ditto) 90
(Heat 1)
298 69 MPa He | Aged 16 hrs 990 K none 81
(Heat 1)
298 69 MPa H, | Aged 16 hrs 990 K (ditto) 82
(Heat 1)
298 69 MPa He | Aged 8 hrs 990 K none 93
(Heat 2)
298 69 MPa H, | Aged 8 hrs 990 K none 89
(Heat 2)
298 69 MPa He | Aged 8 hrs 990 K 1.6 MPa 88
(Heat 2) Deuterium
298 69 MPa H, | Aged 8 hrs 990 K 1.6 MPa 97
(Heat 2) Deuterium
298 69 MPa He | HERF, not aged, none 52
Rc-11
298 69 MPaH, | HERF, not aged, none 56
Rc-11
298 69 MPa H, | HERF, not aged, 1.5 MPa 59
Rc-11 Deuterium
298 69 MPa He | Aged 8 hrs 990 K none 93
Rc-11
298 69 MPa H, | Aged 8 hrs 990 K none 90
Rc-11
298 69 MPa H, | Aged 8 hrs 990 K 1.5 MPa 97
Rce-11 Deuterium
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Table 14 Fracture toughness (K) for HERF JBK-75
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JBK-75 HERF (Ref.: Data Sheet 111B-2, Ref. [1], page 118)

Test Specimen: C-specimen (Fig. 4a)

Test Temperature Test Specimen Condition Hydrogen Fracture Toughness
(kelvin) Environment Exposure (MPa+m)
298 69 MPa He - none 80
298 69 MPa H» - none 80
298 69 MPa H» 0.7 MPa 81
Deuterium at
625 K

Table 15 Fracture toughness (K) forl7-4 PH

17-4 PH (Ref.: Data Sheet I11C-2, Ref. [1], page 119)

Test Specimen: C-specimen (Fig. 4a)

Test Temperature Test Specimen Condition Hydrogen Fracture Toughness
(kelvin) Environment Exposure (MPavm)
- 69 MPa He Underaged* - 104
- 3.5 MPa H» (ditto) - 31
- 69 MPa Ha (ditto) - 20
- 69 MPa He Peak aged? - 97
- 3.5 MPa H» (ditto) - 29
- 69 MPa Ha (ditto) - 13
- 69 MPa He Overaged? - -

- 3.5 MPa H> (ditto) - 57
- 69 MPa Ha (ditto) - 34
- 69 MPa He | Solution annealed* - 97
- 3.5 MPa H> (ditto) - 71
- 69 MPa H» (ditto) - 31

Condition of Heat Treatments:

1 Solution annealed 2 hours at 1339 K and aged at 709 K, Hardness R.= 38
2. Solution annealed 2 hours at 1339 K and aged at 783 K, Hardness Rc= 42
3. Solution annealed 2 hours at 1339 K and aged at 866 K, Hardness Rc.= 35

4. Hardness R¢.= 28

CONCLUDING REMARKS

A range of austenitic stainless steels were tested for hydrogen compatibility for service
condition up to 69 MPa (10,000 psi) hydrogen and temperatures from 78 to 400 K (some
tests were carried out at 4 K in liquid helium) at the Savannah River Laboratory to
support materials selections and designs for systems in high pressure hydrogen service.
These steels included the iron-chromium-nickel alloys (304L, 304N, 309S, 310, 316,
Carpenter 20 Cb-3, Incoloy® 800H, Nickel 200, Nickel 301, and 440 C), iron-chromium-
nickel-manganese alloys (Tenelon®, Nitronic®- 40 or 21-6-9, Nitronic®-50 or 22-13-5,
18-18 Plus®, X18-3 Mn, 18-2 Mn, and 216), precipitation hardenable alloys (A-286,
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JBK-75, 17-4PH, AM-363, CG-27, and Ni-SPAN-C or Alloy 902), and high purity alloys
(18Cr-10Ni, 18Cr-14Ni, and 18Cr-19Ni). An in-depth summary of the hydrogen
transport in these alloys (permeation) and the hydrogen effects on the mechanical
properties (tensile and fracture) was provided by Caskey [1]. This present report
reviewed the SRL test data which are in general not readily available in the open
literature. The following conclusions can be made:

e Hydrogen has a minor influence on the yield stress and the ultimate tensile strength of
the austenitic stainless steels. However, the tensile ductility suffers significant loss
when the hydrogen is present, either externally as the service environment, or internally
resulting from extended exposure or precharging. This material behavior (hydrogen
embrittlement) is similar in carbon steels [24,25].

e The ductility loss increases as the grain size increases, as shown by 304L testing on the
heat treatment effects [13] (Fig. 2).

e The retain ductility [1,16], defined by the ratio of reduction of area in hydrogen to the
reduction of area in helium, correlates well with the nickel content in Fe-Cr-Ni alloys.
The optimal nickel content to retain the tensile ductility in wrought Fe-Cr-Ni alloys is
10 to at least 20 wt.% (Fig. 3).

e The fracture toughness testing shows a strong orientation effect with respect to the
forging flow lines in the high energy rate forged (HERF) stainless steels (Figs. 8-12).

e The fracture toughness (J-integral or stress intensity factor) is reduced significantly
when the hydrogen is present in the test environment or internally in the metal by
extended exposure to hydrogen (Figs. 8-13). Similar behavior has been observed for
carbon steels [24].

The SRL test data also indicated that the specimen condition has significant influence on
the mechanical property measurement, such as the surface polishing or plating, and the
orientations in the HERF stainless steels. Previous testing attempted to explore the
effects of specimen geometry (such as the sample thickness and precracking), but only
inconclusive results were obtained. A refined experiment with advanced fracture
mechanics analysis of the constraint effect may be employed to resolve the discrepancy
and uncertainty.

More recent SRNL test data are mostly related to tritium exposure and aging, which
results in helium-3, a radioactive decay product, and is a different mechanism for
mechanical property degradation. Limited hydrogen effects were reported and the
information is available in open literature (e.g., [26,27]). The general trend is consistent
with the earlier data which have been covered in this report. The quantitative comparison
is not possible because the alloy composition, specimen fabrication, exposure condition,
and test environment may be different.
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APPENDIX

Savannah River Laboratory Data Sheets
(Reference [1])

The original data source which is referenced in Tables 1 through 4 of this report is
included in Appendix A.

The measured properties in the data sheets may be differently from the customary
definitions. The original definitions for these data sheets are reproduced from Reference
[1] and are listed in Appendix B.

Mechanical test specimen types and dimensions for the data sheets are included in
Appendix C.

Some of the data sheets referenced the actual heats of the alloys that were tested. These
heats are summarized in Appendix D.
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Appendix A

Alloy Data Sheets

I. TIron—Chromium—Wickel Alloys Data Sheet
304L IA-1 to TA-16
304K IB-1
1098 IC-1
310 D=1 to ID-2
316 IE=]
Carpenter 20 Ch-3 IF-1
Incoloy® BOOH (Huntington Alloys, Tnc) IG-1
Nickel 200 IH-1 to IH=2
Wickel 301 LJ=1 to IJ-2
440 C IK-1

IT. Tron—Chromium-Nickel-Manganese Alloys

Tenelon® (U.5. Steel Corp) ' ITA-1 to II4-3
Witronic®~40 (21-6-9)(Armco, Inc) IIB-1 to ITR-12
Witronic®-50 (22-13-5)(Armca, Inc) IIC-1 te IIC-3
18-18 Plus® (Carpeater Technology) IID-1

¥18-3 Mn TIE-1

18-2 Mn . IIF-1

216 IIG-1

I1T. Precipitation Hardenable Alloys

A-286 IIIA-]1 to IIIA-5
JBE=T5 IIIB=] to ITIB-Z
17-4PH ITIC-]1 to TTIC-2
AM-350 II1D-1
AM=-3563 IIIE-1
CG=27 ) IIIF-1
Ni-SPAN-C {Alloy 902) ITIG-1

IV. High Purity Alloys

A - 18Cr=10Ki IVA-1
B - lBCr-14Ni IVE=1
C - 18Cr-19Hi Ivc-1
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Nominal Alloy Composition (wt.%o)

Alloy Cr Ni Mo Me Other

Fe-Cr-Ni-Alloys

304L 19 10 - -
I04N 19 k - 0.13 K
n9s 23 13 - -
310 25 20 - - 0.25 ¢
ile 17 12 - 1.5
440C 19 - - 0.75 0.95 to 1.20 C
Carpenter 20 Cb=3 20 34 - 2.5 3.5 Cu, 06 Hb
L800H 21 iz - = 0,75 Cu, 0.3 A1, 0.3 T1
1718 19 52 - 13 5(Nb # Ta), 1 Ti, 0.5 A
Hi200 - 99+ - -
Ni3ol - bal - - 1 5i, 4.5 Al, 0.6 Ti
Fe=Cr-Ni-Mn=-N Alloys
216 20 B B 2 0.32 W
Tenelon® 18 - 15 = (see Note below)
Nitronic®-40 21 & 9 - 0,15 to 0,4 H
Hitronic®=50 22 13 3 2 0.2 to 0.4 N
18=18 Plus® 18 0.5 18 1 0.4 N, 1 Cu, 0.1 Co
X 18-3 Mn 18 3 12 = 0.3 W
18-2 Mn 18 2 3. -
Precipitation-Hardenable Alloys i
17-4 PH 16.5 & - - & Cu, 0.3 Wb
A-286 15 26 - 1.25 2Ti, 0,25 AL, 0.3 V
JBE-T5 i3 30 - 1,25 2 Ti, 0.25 al,
0,001 B, 0,25V

AM363 11.5 4.5 - - 0.5 Ti
ce27 13 38 - & 2.5 Ti, 1.6 al, 0,6 Nb
AM350 16.5 4.3 2.8 0.1 K
Ni-SPAN-C

Allﬂ}’ 9“2 5 ﬁz = = UIS -ﬂls 2!5‘ Ti
High-Purity Alloys
A 18 L] - - N <0.01 in all
B 18 14 - - three alloys
C 18 19 - -

Note: The nitrogen content in Tenelon® was 0.40 to 0.60 wt.% as listed in Ref. [10]:
“Fracture of Fe-Cr-Mn Austenitic Steel,” by G. R. Caskey, Jr., DP-MS-78-68, E. I.
du Pont de Nemours & Co, Savannah River Laboratory, Aiken, SC, 1978;
presented at the 108" Annual AIME Meeting, New Orleans, LA, Feb. 18-22, 1979.
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Nominal Tensile Properties for Annealed Materials (unless otherwise noted)

Strength, MPa
Yield Tensile Elongation, X

Alloy
J04L 230-270 S40~560 35-60
304N 290-330 620 50-55
3093 275-310 620-650 45
il - 310 &650 45=50
ile 207-290 550-583 45-30
G400 450-1890 760-1985 =14
Carpenter 20 Cb-3 250 600 50
I800H 140-345 450-650 30-50
718 1180-1250 1350-1400 1&
Mi 200 103-207 380-550 40-55
Ni 301 210-1200 620-1450 15-55
216 478 T45 50
Tenelon® 570 930 56
Nitronic®=40 414 690 50
Nitronic®-50 448 az8 ' 45
18-18 Plus® 520 900 60
K 18-3 Hn 580 B1d 45
18=2 Mn 730 1000 51
17-4 PH 940 980 5
A=286 760 L1100 25
JBE~=75%* 800 1090 14
AM 350 420 1160 70
AM 363 390 890 7
oG 27 310 1160 29
Ni-SPAN-C 760-870 900-1200  6=25
Alloy 902

* 0.2%1 offset.
** HERF & Age.
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Measured Mechanical Properties at Savannah River Laboratory

YTRON~CHROMIUM-NICKEL ALLOYS

DATA SHEET 1A-1

Type 3041 Stainless Steel Bar Stock, As Received*

page 40 of 98

Test Condition Hydrogen** Strength, MPa Elongation, ¥ Fracture
Temp, K Eoviron. Exposure Yield Ultimate Uniform Total Strain
380 AIR NONE 240 680 58 69 L.78

69 MPa 260 730 60 70 1.27
273 AIR NONE 310 1160 80 89 1.56

69 MPa 330 870 b4 44 0.45
200 ATR NONE 360 1500 61 70 1,27

69 MPa 390 1210 44 44 0.25
78 LN NONE 390 2200 60 64 1.27

63 MPa 430 2100 59 65 1.27

* Heat Analysis, Appendix D-1; Tensile B, Appendix C-2,
** Exposure conditions: 69 MPa at 470 K for 1449 days.

DATA SHEET IA-2

Type 304L Stainless Steel, As Received

Test Conditiocns Hydrogen Impact
Temp, K Environ, Exposure Energy, J
298 AIR NONE 194

17.9 MPa* 185
78 AIR NONE 165

17.9 MPa* 110

* 17.9 MPa hydrogen pressure at 470 K for 1000 hours.
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DATA SHEET IA-3

Effect of Test Environment on Tensile Properties
of Type 304L Stainless Steel Tubes¥*

Exposure Conditions

Gas

Time,

Temp, K  days

He
Hy
T2
Hy
T2

425
425
425
425
425

32
32
32
8

Tensile Properties

page 41 of 98

Oy? MN/m2 a1’ MN/m2 Z Eleng.
270 560 59
320 480 19
300 490 22
260 490 26
250 490 22

* All tensile tubes tested at room temperature with 69 MPa gas;

data reported are averages of at least two samples.

DATA SHEET IA-4

Tensile Properties of Type 304L Stainless Steels Containing

Hydrogen and Helium

Test Condition

Temp, K Environment
300 Alr
300%* Air
300% Air
973¢ Air
9731 Air

Hydrogen

Exposure

aone

*k

k2

none

ek

Strength, MPa

* Speciméns contained tritium and Helium-3,

Yield Ultimate
327 734
400 733
434 744
152 237
179 190

Elong

49-56
28-32
28

31
1.5

*% 328 mol hydrogen isotopes and 6.2 mol helium per m3 metal.

t 146 mol hydrogen. isotopes and 25 mol helium per m> metal.

Held 1/2 hour at 973 K before testing.
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DATA SHEET IA-5
Type 304L Stainless Steel, High Energy Rate Forged*
Test Condition Hydrogen Strength, MPa Elongation, % Fracture
Temp, K _Environ, Exposure** Yield Ultimate Uniform Total Strain
380 Air None 440 630 32 bh 1.72
69 MPa 440 650 32 43 1.63
298 Air Kone 480 930 57 68 2.00
69 MPa 510 990 55 62 0.95
250 Air None 490 1100 52 61 1.65
69 MPa 610 1120 41 41 0.40
200 Air None 660 1390 46 55 1.37
69 MPa 620 1300 43 44 0.38

* Teunsile B, Appendix C-2.

** Exposed at 620 K for 3 weeks.

DATA SHEET IA-6

Type 304L Stainless Steel, High Energy Rate Forged*

Test Condition Hydrogen Impact
Temp, K Environ. Exposure Energy, J
298 Air None 199

298 Air 29.6 MPa Ho#%* 152

77 Air None 160

77 Air 29.6 MPa Hp** 95

* Impact, Appendix C-8.
**%* Exposure of 56 days at 470
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DATA SHEET IA-7

Fracture Parameters for Type 304L Stainless Steel, High Energy Rate Forged*
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ged with
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rarailel 45° gp°
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* C-shaped tensile, Appendix C-7. Test in 69 MPa He or Hj.
Deuterium charge at 69 MPa at 620 K for 3 weeks.
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DATA SHEET IA-8

Fracture Parameters for Type 304L Stainless Steel*

D Tested in Helium
Tested in Hydrogen
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400~ =
T
300 -I- —
[1=]
o
=
5 1
© ; %
~—— -
N 7
200 - | —
- -
Q Q
4t = /
[%4] W
& : e /
g / o /
£ . £
= // = /
@ K @
100 |- gl & / |
& ¢ /
5 S /
= 7
= =
45 a0°
Drientation Orientation Orientatign

* C~-shaped tensile, Appendix C-7. Test in 69 MPa He or Hg.
Deuterium charge at 69 MPa at 620 K for 3 weeks.
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DATA SHEET IA-9

Effect of Heat Treatwent on Mechanical Properties of
Type 304L Stainless Steel¥*

Heat Test Strength, MPa Elongation, 3 Fracture
Treatment Envirooment Yield Ultimate Uniform Total  Strain
As~received 69 MPa He 390 930 62 71 2.21

GS = 9.5 um 69 MPa Ho 390 910 56 62 1.43
1170 K~24 hrs 6% MPa He 260 970 82 89 2.30

GS = 30 um 69 MPa Hoy 240 870 88 94 1.71
1270 K~24 hrs 69 MPa He 250 970 90 99 2.30

GS = 55 um. 69 MPa Hj 240 930 86 91 1.17
1470 K~24 hrs 69 MPa He 190 830 a1 88 2.21

GS = 340 um 69 MPa Hjp 180 830 84 88 1.05

* Heat analysis; Appendix D-1; Tensile B, Appendix C-2.

DATA SHEET IA-10

Grain Size Dependence of Mechanical Properties ~ Test at 220 E¥

Hydrogen  Grain Strength, MPa Eiongation, % PFracture
Exposure Sige, um Yield Ultimate Unit Total Strain
None 6.4 520 1310 56 63 1.71
42.0 340 1210 60 72 1.70
290 250 1130 55 63 1.64
69 MPa¥** 6.1 630 1040 35 35 0.27
26 400 1020 47 47 1.10
50 370 860 37 37 0.40
260 270 690 31 31 0.39

* Heat analysis, Appendix D-1; Tensile B, Appendix C-2.

*% Average deuterium coutents measured on samples from
the tensile specimens were 4.7 ccDa/cc (69 MPa).
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DATA SHEET IA-11

Effect of Deformation Rate on Hydrogen Damage¥*

TYPE 304L Stainless Steel

T =220 X

Grain Size: 6 m
Cross

Hydrogen Headspeed, Strength, MPa Elongation, % Fracture

Exposure**  mm/min Yield Ultimate Uniform Total Strain

None 51 570 1170 50 60 1.68
0.51 5.20 1310 56 63 1.70

69 MPa 51 675 1210 52 52 0.92
0.51 630 1040 35 35 0.27

* Heat analysis, Appendix D-};

*% Exposed at 620 K for 3 wee

DATA SHEET TA-12

ks.

Tensile B, Appendix C-2.

Mechanical Properties of Sensitized Type 304L Stainless Steel*

(Smooth Bar Tensile Specimens)
Test Strength, MPa Fracture
Treatment Environment** Yield Ultimate Strain
Solution Air 380 630 2.00
Anneal Helium 375 600 2,20
Hydrogen 370 580 1.38
Sensitized  Air 300 560 1.78
Helium 350 670 1.90
Hydrogent 330 660 0.70
Hydrogentt 350 660 - 0.80

* Heat analysis, Appendix D-1; Tensile B, Appendix C-2.

*% 69 MPa gas pressure.

t Nearly continuous carbide network on some grain boundaries.

tt Isolated carbides.
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DATA SHEET IA-13

Mechanical Properties of Notch Bar Tensile Specimens of

Type 304L Stainless Steel*
Test Strength, MPa Fracture

Treatment Environment** Yield Ultimate Strain

Solution Airt 700 750 0.41

Anneal

Sensitized  Airtt 350 590 1.26
Heliumt? 410 740 1.10
Hydrogentt,( 430 590 0.35
Hydrogen 11 480 620 0.38
Airt 510 680 1.17
Helium? 540 790 1.00
Hydrogent, ¥ 730 750 0.30
Hydrogen 19 - 690 0.20

* Heat analysis, Appendix D-1 and Appendix C-2,

** He and Hyp at 69 MPa.
t Deep notch.
tt Shallow notch.

Air at 0.1 MPa.
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§ Nearly continuous carbide network on some grain boundaries.

19 Isolated carbides.
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DATA SHEET IA-14

Effect of Hydrogen Charging on Notch Bar Tensile Properties
of Type 304L Stainless Steel®

Nominal Tensile Fracture

Condition Specimen Strength, MPa Strain
As received Smooth 600 1.50

Notch 770 0.30
Annealed*¥* Smooth 600 1.43

Notch 710 0.24
Hydrogen chargedft Smooth 530 0.37

Notch 580 0.13

* Tensile C, Appendix C-4.
*% Annealed 200 days at 380 K in argon.

t Exposed to hydrogen gas at 69 MPa for 200 days at 380 K.

DATA SHEET IA~-15

Type 304L Stainleas Steel Notch Tensile Strength¥*

Notch Tensile

Test Strength,
Environment MPa
Air 896
Hy, 0.1 MPa 786
Hy, 1.03 MPa 703
Hy, 6.89 MPa 662

* Tensile C, App

endix C-4,
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DATA SHEET IA-16

Stress Necessary for Slow Crack Growth in
Type 304L Stainless Steel¥*

Net Section Time, hrs Crack
Stress, MN/m2 Incremental Accumulated Growth
600 325 325 No

641 72 397 No

682 72 469 No

724 72 541 No

765 72 613 No

786 1.4 (failed) 614.4 Yes

* Crack developed during room temperature tensile test
in hydrogen eanvironment; net sectioa stress when
tensile test was stopped was 772 MN/m?2.
then loaded in creep frame at indicated stresses

without removal from the hydrogen environment.

Tensile E, Appendix C-35.

Specimen

page 49 of 98
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DATA SHEET IB-1
Type 304N Stainless Steel¥
Test Condition Hydrogen Strength, MPa Elongation, Z Fracture
Temp, K Environment Exposure Yieldf Tensile Uniform Total Strain
298 Air none 760 880 - 33 1.24
Air 69 MPa Ha** 740 830 - 31 1.05
69 MPa Hj none 640 840 - 36 0.78
69 MPa Hj 69 MPa Ho** 550 790 - 37 0.62
69 MPa He none 630 850 - 43 1.35
375 Air none 820 950 11 26 1.31
69 MPa Dott 820 970 11 22 1.20
298 Alr none 906 1110 16 28 1.47
69 MPa DzTT 950 1185 16 28 0.95
245 Air none 975 1340 27 37 1.82
69 MPa D,tt 1063 1420 22 27 0.49
220 Air none 1026 1450 26 35 1.67
69 MPa DzTT 1093 1480 21 24 0.33
200 Air none 1096 1810 47 56 1.44
69 MPa Datt 1160 1510 19 23 0.38

* Tensile A, Appendix C-1; Heat Analysis, Appendix D-10.
*% 69 MPa Hy at 430 K for 1000 hours.
1 0.2% offset.
tt 69 MPa Dy at 620 K for 3 weeks.
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DATA SHEET IC-1

Type 3095 Stainless Steel¥

Test Condition Hydrogen Strength, MPa Elongation, # Fracture
Temp, K Environment Exposure Yield** Tensile Uniform Total Strain
298 Air none 260 600 - 54 1.27
69 MPa He none 276 580 - 60 1.24
69 MPa HZ none 260 586 - 63 1.35
Air 69 MPa Hp-430K 255 615 - 43 0.92
14d
Air 28 MPa Ho-470K 330 615 - 57 1.17
100 hr

* Tensile A, Appendix C-1.
** 0.2% offset.

DATA SHEET IC-2

Tensile Properties of Type 3095 Stainless Steels Containing
Hydrogen and Helium

Test Condition Hydrogen  Strength, MPa Eloagation,
Temp, K Environment Exposure Yield Ultimate %

300 Air none 243 612 56

300% Air *k 301 618 48-57

300% Air t 382 658 45-53
9731t - Air none 131 296 27

973tt Air t 227 196 <1

* Specimens contained tritium and Helium-3.
*% 328 mol hydrogen isotopes and 6.2 mol helium per m3 metal.
t 146 mol hydrogen isotopes and 2,5 mol helium per w3 metal,
tt Held 1/2 hour at 973 K before testing.
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DATA SHEET ID-1
Type 310 Stainless Steel Bar Stock, As Received®
Test Condition Hydrogen Strength, MPa Elongation, X Fracture
Temp, K Environment Exposure** Yield Ultimate Uniform Total Strain
380 Air none 440 670 25 36 1.35
69 MPa 440 700 27 40 1.71
273 Air none 510 860 44 53 1.71
69 MPa 510 900 46 53 1.47
200 Air none 560 1200 60 66 1.20
69 MPa 590 1280 62 73 1.24
78 LN none 570 1720 74 78 1.05
69 MPa 570 1790 71 76 1.35
* Tensile B, Appendix C-2.
** Exposed at 470 K for 1449 days.
DATA SHEET Ib-2
Type 310 Stainless Steel¥*
Test Condition Hydrogen Strength, MPa Elongation, ¥ Fracture
Temp, K Environment Exposure Yield** Tensile Uniform Total Strain
298 Air none 210 540 - 61 1.56
Air 69 MPa Hyt 200 500 - 63 1.42
69 MPa Hjp none 186 490 - 67 1.72
69 MPa Ho 69 MPa Hot 180 440 - 66 1.56
69 MPa He none 180 480 - 70 1.61

* Tensile A, Appendix C-1.
** 0,27 offset,
t 69 MPa Hp at 430 K forIIDOO hours.
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DATA SHEET IE-1
Type 316 Stainless Steel; Bar Stock, As Received¥
Test Condition Hydrogen Strength, MPa Elongation, % Fracture
Temp, K Environment Exposure** Yield Ultimate Uniform Total Strain
380 Air none 810 830 7 20 1.61

69 MPa 880 930 11 22 1.19
273 Air none 890 1040 21 33 1.47

69 MPa 990 1160 20 32 1.13
250 Air none 900 1150 27 40 1.51

69 MPa 1030 1280 24 35 1.07
200 Air none 960 1210 24 43 1.56

69 MPa 1100 1410 26 37 .06

* Tensile B, Appeadix C-2.
*k Exposed at 620 K for 3 weeks.
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DATA SHEET IF-1l
Carpenter 20 Cb-3® Stainless Steel As—Received¥®
Test Condition Hydrogen Strength, MPa Elongation, Z Fracture
Temp, K Environmeant Exposure** Yieldt Ultimate Uniform Total Straian
298 Air none 236 600 - 48 1.14
69 MPa Hy none 230 590 - 48 1.14
69 MPa Ho 69 MPa D7 262 610 - 48 1.14
200 Air none 320 1100 60 66 1.01
Air 69 MPa D9 348 1177 55 62 1.08
* Tensile B, Appendix C-2; heat analysis, Appendix D-11.
*% Exposed at 620 K for 3 weeks.
t 0.2% offset.
DATA SHEET IG-1
Incoloy® Alloy 800H, Hot Rolled Plate, Solution Annealed*
Test Condition Hydrogen Strength, MPa Elongation, ¥ Fracture
Temp, K Envirooment Exposure** Yield Ultimate Uniform Total Strain
380 Air none 270 750 47 52 0.92
69 MPa 290 770 48 53 0.82
298 Air none 310 820 48 55 0.97
69 MPa 330 840 48 53 0.78
250 Air none 340 870 48 56 1.20
69 MPa 360 900 49 55 0.92
200 Air none 360 930 49 56 1.11
69 MPa 380 990 54 63 0.94
18 LN none 530 1520 80 84 0.78
69 MPa 540 1490 74 76 0.69

* Tensile B, Appendix C-2; heat analysis,

** Exposed at 620 K for 3 weeks.

Appendix D-3.
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DATA SHEET IH-1

Nickel 200%

Test Condition Hydrogen  Strength, MPa Elongation, % Fracture
Temp, K Eanvironment Exposure Yield Ultimate Uniform Total Strain
298 Air¥x none 88 506 - 55 2.30

69 MPa He**  none 120 490 - 55 2.41

69 MPa Ho**  none 106 470 - 31 0.76
298 Airt none 135 480 - 50 2.21

69 MPa Het none 122 450 - 48 2.04

69 MPa Hot none 156 460 - 45 0.69

* Tensile A, Appendix C-1.
** Anpnealed 1090 K 15 minutes and furnace cooled,

t As in **, plus annealed 773 K for 64 hours and air cooled,

DATA SHEET IH-2

Nickel 200, Rotch-Bar Tensile Properties¥

Test Condition Hydrogen  Strength, MPa Elongation, ¥ Fracture
Temp, K Environment Exposure Yield Ultimate Uniform Total Strain
298 Air%* none - 660 - - 0.35
69MPa He** = none - 810 - - 0.37
69 MPa Hy**  none - 560 - - 0.11
Airt none - 635 - - 0.44
69 MPa Het none - 710 - - 0.34
69 MPa Hat none - 580 - - 0.20

* Tensile A, Appendix C-1 with notch,
*% Annealed 1090 X 15 minutes and furnace coocled.

t As in **, plus annealed 773 K for 64 hours and air cooled,
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DATA SHEET 1J-1
Nickel 301*
Test Condition Hydrogen  Strength, MPa Elongation, ¥ TFracture
Temp, K Envirooment Exposure Yield Ultimate Uniform Total Strain
298 Alrk¥* none 451 778 - 39 1.89
69 MPa He** none 486 791 - 34 1.35
69 MPa Hy** none 532 618 - 12 0.22
298 Airt nene 1008 1380 - 23 0.49
69 MPa Het none 1009 1350 - 22 0.42
69 MPa Hyt none - 850 - 4 0
* Tensile A, Appendix C-1.
*% Annealed 1170 K for 5 min and quenched,
t Annealed as in **, plus annealed 860 K for 16 hours,
810 K for 5 hours and 755 K for 5 hours and furnace cooled.
DATA SHEET IJ-2
Nickel 301, Notch Bar Tensile Properties¥*
Test Condition Hydcrogen  Strength, MPa Elongation, ¥ Fracture
Temp, K Enviroument Exposure Yield Ultimate Uniform Total  Strain
298 ALr¥¥% none - 985 - - 0.30
69 MPa He¥x* none - 995- - - 0.30
69 MPa H2%* none - 690 - - 0.01
Airt none - 1630 - - 0.19
69 MPa Het none - 1600 - - 0.10
69 MPa H2t none - 840 - - 0.04

* Tensile A, Aprendix C-1 plus notch.

*% Annealed 1170 K for 5 min and quenched.

t Annealed as in *¥, plus annealed 860 K for 16 hours,
810 K for 5 hours and 755 K for 5 hours and furnace cooled.
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DATA SEBEET IK-1
Type 440C Stainless Steel¥*
Test Condition Hydrogen Strength, MPa Elongation, % Fracture
Temp, K Environment  Exposure** Yield Ultimate Uniform Total Strain
298 Air none 377 620 - 7.1 0.010

69 MPa Do 377 575 - 4.6 0.006
200 Air none 406 670 - 7.7 0.013

69 MPa D, 450 570 - 4,2 0.009

* Tensile B, Appendix C-2.

*% Exposure at 620 K for 3 weeks.



WSRC-STI1-2008-00043 page 58 of 98

IRON-CHROMIUM-NICKEL-MANGANESE ALLOYS
DATA SHEET IIA-1

Tenelon® Plate, As Received¥®

Test Condition Hydrogen Strength, MPa Elongation, ¥ Fracture
Temp, K Environment Exposure** Yield Ultimate Uniform Total Strain
350 Air none 675 1270 48 59 1.43
69 MPa 700 1300 53 60 0.94
273 Air none 830 1480 50 58 1.14
69 MPa 920 1540 48 50 0.51
200 Alr none 1050 1960 59 66 0.69
69 MPa 1020 1620 40 40 0.36
78 LN none 1740 1780 19 19 0.08
nonef 1730 2040 22 22 0.07
nonett 1670 2120 25 25 0.13
none¥ 1450 1730 21 21 0.14
69 MPa 1720 1780 20 20 0.06

* Tensile B, Appeandix C-2; heat analysis, Appendix D-4
%% Exposed at 620 K for 3 weeks.

t Electropolished.

tt Annealed 1170 K for 24 hours.

% Annealed 1270 K for 24 hours.
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DATA SHEET IIA-2
Tenelon®*
Test Condition Hydrogen Strength, MPa Elongation, ¥ Fracture
Temp, K Environment Exposure Yield** Tensile Uniform Total Strain
298 Air none 570 930 - 56 1.05
69 MPa He none 500 875 - 65 1.14
69 MPa Hy none 500 900 - 55 0.63
Air 69 MPa Hst 550 840 - 41 0.45
69 MPa Hj 69 MPa Hat 470 760 - 24 0.26
* Tensile A, Appendix C-1.
*% 0.27% offset.
t 69 MPa Hy for 1000 hours at 423 K.
DATA SHEET IIA-3
Fracture Toughness of Tenelon®*
Test Specimen Fracture
Temp, K Condition Toughness, MPa Ym
78 As received 68.6

Aaneal 1170 K 36.5
Anneal 1270 K 71.4

200 As received 127.8
Anneal 1170 K 99.6
Anneal 1270 K 120.5

% Heat analysis, Appendix D~4; single edge
notched, Appendix C-6,
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DATA SHEET IIB-1

Nitronic® 40 Stainless Steel Bar Stock, As Received*
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Test Condition Hydrogen Strength, MPa Eloggation, % Fracture
Temp, K Environment Exposure** Yield Ultimate Uniform Total Strain
380 Air none 680 940 30 39 1.66
69 MPa 690 1020 36 46 1.02
298 Air none 770 1170 41 51 1.61
69 MPa 800 1270 46 56 0.92
250 Air none 860 1360 46 57 1.51
69 MPa - 1380 41 46 0.45
200 Air none 970 1550 48 58 1.56
69 MPa 1060 1650 44 48 0.65
78 LN none 1580 2140 45 49 0.64
69 MPa 1600 2060 36 36 0.38

* Tensile B, Appeandix C-2; heat analysis, Appendix D-5.
*% Expogsed at 620 K for 3 weeks.
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DATA SHEET IIB-2

Mechanical Properties of Nitronic® 40 Alloy:
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Heat Treatment and Notch Effects®*

Test Strength, MPa Elongation, % Fracture
Temp, K*¥* Treatment Specimen Yield Ultimate Uniform Total Strain
300 Solution Smooth 700 1170 41 51 1.59
Anneal bar
Notch 800 1160 24 27 0.74
bar
Sensitize Notch 750 1070 18 18 0.53
bar
200 Solution Smooth 880 1550 48 58 1.57
bar
Notch 1130 1500 19 19 0.72
bar
Sensitize  Smooth 720 1490 51 60 1.03
bar
Notch 1120 1250 10 10 0.17
bar

* Heat analysis, Appendix D-5; Tensile B, Appendix C-2.

*% Ajr environment,
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DATA SHEET IIB-3
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Mechanical Properties of Sensitized Nitronic® 40 Stainless Steel Tested

in a High-Pressure Hydrogen Environment at Room Temperature¥®

Specimen Test Strength, MPa Elongation, % Fracture
Condition Atmosphere  Yield Ultimate Uniform Total  Strain
Solution 69 MPa He 650 1050 42 52 1.11
Annealed
69 MPa Hjp 670 1060 41 50 1,22
920 K-2 hr 69 MPa He 640 1100 43 50 1.51
69 MPa H» 640 1080 42 49 1.50
920 K-24 hr 69 MPa He 625 1110 46 53 1.38
69 MPa Hj 620 1100 46 52 1.10
920 K-24 hr 69 MPa He** 760 1060 16 16 0.32
60 MPa Hp** 700 760 9 9 0.06

* Heat analysis, Appendix D-5; Tensile B, Appendix C-2.

*% Notch bar specimen.

DATA SHEET IIB-4

Mechanical Properties of Sensitized Nitronic® 40 Stainless Steel
Saturated with Hydrogen*

Hydrogen Strength, MPa Elongation, 2 Fracture

Temp, K Treatment** Exposure Yield Ultimate Uniform Total Strain
200 Solution none 970 1550 48 58 1.57

Anneal .

Solution 69 MPa Hjt 1060 1650 44 48 0.66

Anneal

920 K-24 hr none 790 1490 51 60 1.03

920 K-24 hr 69 MPa Hyp 920 1470 37 37 0.33

920 K-24 hr 69 MPa Hptt 900 1350 35 40 0.45

* Heat analysis, Appendix D~5; Tensile B, Appendix C-2,

*% Smooth bar tensile specimens,
t Exposed at 620 K for 3 weeks.

8 tt Crosshead speed, 5 mm/sec; all others, 0.5 mm/sec.

Note: Typographic errors were made on the original Data Sheet 1I1B-4 in Ref. [1]. The
crosshead speeds (denoted by 8 above) should be 5 mm/min and 0.5 mm/min,
respectively.
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DATA SHEET IIB-5
Nitronic® 40%
Test Condition Hydrogen Strength, MPa Elongation, ¥ Fracture
Temp, K Envirooment Exposure Yield** Tensile Uniform Total Strain
298 Air none 400 670 - 58 1.51
69 MPa He none 350 700 - 59 1.47
69 MPa Hgp none 360 700 - 61 1.43
* Tensile A, Appendix C-1.
**% 0.2% offset.
DATA SHEET IIB-6
Nitronic® 40; Cold Worked 30%*
Test Condition Hydrogen Strength, MPa Elongation, % Fracture
Temp, K Environment Exposure Yield** Tensile Uniform Total Strain
298 Air none 1240 1290 - 26 0.87
30 MPa Hq 1075 1150 - 32 0.43
69 MPa He none 1010 1050 - 26 0.99
69 MPa H,  none 980 1100 - 26 1.02
69 MPa Hjp 30 MPa H» 1060 1130 - 36 0.44

* Tensile A, Appendix C-1.
** 0,2% offset.
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DATA SHEET IIB-7

Nitronic® 40 Stainless Steel, High Energy Rate Forged*
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Test Condition Hydrogen Strength, MPa Elungation, % Fracture
Temp, K Environment Exposure Yield Ultimate Uniform Total Strain
380 Air none 540 1040 47 59 1.81
69 MPa*¥* 570 1070 50 68 1.26
none 780 970 21 31 1.17
69 MPat 690 930 26 33 0.67
298 Air none 780 1140 32 44 1.24
69 MPat 890 1220 30 42 0.96
273 Air none 640 1300 57 69 1.81
69 MPa*¥* 690 1430 67 78 1.06
220 Air none 900 1320 33 45 1.31
69 MPat 960 1420 37 47 0.80
200 Air none 930 1700 51 59 1.26
69 MPak# 1050 1830 49 54 0.90
none 1020 1610 42 54 1.26
69 MPat 990 1740 53 60 0.66
78 LN none 1450 2840 46 56 0.83
69 MPa¥* 1400 2600 46 46 0.53
* Tensile B, Appendix C-2,
** 69 MPa at 470 K for 1449 days,
1 69 MPa at 620 K for 21 days. !
DATA SHEET IIB-8
Nitronic® 40 Stainless Steel, High Energy Rate Forged*
Test Conditionm Hydrogen Strength, MPa Elongation, ¥ Fracture
Temp, K Enviroameut Exposure Yield** Teansile Uniform Total Strain
298 Air none 610 790 - 34 1.35
28 MPa Hy 660 820 - 31 0.89
69 MPa He none 570 780 - 34 1.39
69 MPa Hjp none 570 790 - 30 1.31
28 MPa H; 630 830 - 31 0.78

* Tensile A, Appendix C-1.

*% 0,2% offset,
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DATA SHEET IIB-9

Nitronic® 40 Stainless Steel, High Energy Rate Forged¥

Test Condition Hydrogen Impact
Temp, K Environment Exposure Energy, J
298 Air none 110

29.6 MPa Ho** 91

77 LN none 37
29.6 MPa Ho¥** 35

* Impact, Appendix C-8.
*% 470 K - 56 days.

DATA SHEET IIB-10
Nitronic® 40 Stainless Steel, High Energy Rate Forged¥

Fracture Toughness,

Test Condition Hydrogen MPa Vo
Temp, K Enviroument Exposure Long Trans
298 69 MPa He none 79 ' 74

69 MPa Hjp none 81 68

69 MPa Hy 0.6 MPa Hg 76 62

* C-gshaped tensile, Appendix C-7.
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DATA SHEET IIB-11

Fracture Parameters for Nitronic® 40 Stainless Steel*

1000 }— -
D Tested in Helium
Tested in Hydrogen
800 Charged with Deuterium, Tested in Hydrogen _
Annealed in Helium, Tested in Hydrogen
e 600 T ]
S
=2
" T E
'ﬁE é ——
00— T l I £5 —
: >0
; —_
E&
| 1} ]
200 1 /////
15 AR AN
d
A
0 LA 5 A /
Paralle 45° 90¢

Orientation Orientation Orientation

* C-shaped tensile, Appendix C-7. Test in 69 MPa He or Hj.
Deuterium exposed at 69 MPa at 620 K for 3 weeks.
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DATA SHEET IIB-12

Fracture Parameters for Nitronic® 40 Stainless Steel¥®
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* C-ghaped tensile, Appendix C~7. Test in 69 MPa He or Hj.
Deuterium charged at 69 MPa at 620 K for 3 weeks,
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DATA SHEET IIC-1
Nitronic® 50 Stainless Steel Bar Stock, As Received¥
Test Condition Hydrogen Strength, MPa Elongation, Z Fracture
Temp, K Enviromment Exposure** Yield Ultimate Uniform Total Strain
380 Air none 700 990 26 34 1.23
69 MPa 720 1060 29 37 1.16
298 Air none 800 1190 32 41 1.17
69 MPa 820 1240 33 44 1,05
248 Air none 870 1310 34 43 1.23
69 MPa 900 1390 35 43 1.00
200 Air none 1030 1550 35 44 1.08
69 MPa 1020 1620 37 44 0.97
78 LN none 1590 2310 38 A 0.91
69 MPa 1590 2350 38 44 0.90
* Tensile B, Appendix C-2.
*% Exposed at 620 K for 3 weeks.
DATA SHEET IIC-2
Nitronic® 50 Stainless Steel Bar Stock, As Received.*
Test Condition Hydrogen Strength, MPa Fracture
Temp, K Environment Exposure Yield** Tensile Elongation, Z Strain
298 Air none 440 710 43 1.27
69 MPa He none 400 680 47 1.35
69 MPa Hy none 400 680 45 1,31

* Tensile A, Appendix C-1; heat analysis, Appendix D-6.

*% 0.27% offset.
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DATA SHEET IIC-3
Nitronic® 50 Stainless Steel, High—Energy-Rate—Forged¥
Test Condition Hydrogen Deflection J; Jm dJ/da
Temp, K Environment Exposure mm kJ /m2 MPa
298 69 MPa Het none - 32 176
69 MPa Ho none - 23 137
69 MPa Ho Dy - 33 211
69 MPa Hett none - 936 360
69 MPa HyTt none - 107 209
69 MPa Hatt Dy - 181 264
* C-Shaped tensile, Appendix C-7.
%% Exposed at 620 K for 3 weeks.
¥ Crack parallel to forging pattern
tt Crack perpendicular to forging patterns.
DATA SHEET IID-1
18-18 Plus® Stainless Steel¥
Test Condition Hydrogen Strength, MPa Elongation, ¥ Fracture
Temp, K Environment Exposure Yield** Tensile Uniform Total Strain
298 69 MPa He none 520 910 - 63 1.51
69 MPa Hy noae 506 . 880 - 42 0.42

* Tensile A, Appendix C-1; heat analysis, Appendix D-9,
** 0,2% offset.
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DATA SHEET IIE-1
X18-3 Mn Stainless Steel¥*
Test Condition Hydrogen  Strength, MPa Eleongation, 7 Fracture
Temp, K Enviromment Exposure Yield** Tensile TUniform Total Strain
298 Air none 580 810 - 45 1.24
69 MPa He none 530 790 - 50 1.35
69 MPa H, none 520 790 - 46 1.31
* Tensile A, Appendix C-1; heat analysis, Appendix D-8.
** 0,2% offset.
DATA SHEET IIF-1
18-2 Mn Stainless Steel¥*
Test Condition Hydrogen  Strength, MPa Elongation, Z Fracture
Temp, K Environment Exposure Yield** Tensile Uniform Total Strain
298 Air none 730 1007 - 51 0.87
69 MPa Hs nene 660 924 - 33 0.31

* Tensile A, Appendix C-1.
** (.27 offset.
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DATA SHEET IIG-1
Type 216 Stainless Steel¥*
Test Condition Hydrogen Strength, MPa Elongation, Z Fracture
Temp, K Environment Exposure Yield** Tensile Uniform Total Strain
298 Air none 640 810 - 40 1.10
298 Air 69 MPa Hpt 630 790 - 36 1.05
298 69 MPa Hy none 590 780 - 44 1.17
298 69 MPa H,y 69 MPa Hot 560 760 - 45 1.02
298 69 MPa He none 590 790 - 45 1.20

* Tensile A, Appendix C-1; heat analysis, Appendix D=7,
*% (0,27 offset.
t 69 MPa Hp at 430 K for 1000 hours.
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PRECIPITATION HARDENABLE ALLOYS

DATA SHEET IIIA-1

A~286 Stainless Steel¥*
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Test Condition Hydrogen Strength, MPa Elongation, ¥ Fracture
Temp, K Environment Exposure Yield Tensile Uniform Total Strain
298 Air none 765 1098 - 25 0.77
2.1 MPa Argon 776 1089 - 24 0.79
69 MPa D/T** 750 1041 - 13 0.34
none9Y - 1500 - 4 0.15
2.1 MPa Argonf - 1380 - 3.6 0.11
69 MPa D/T*%,4 - 1310 - 3 0.06
none 1010t 135017 23 28 0.50
69 MPa D11 1070t 1380tt 23 24 0.24
220 Air none 1100t 1520ttt 28 34 0.49
69 MPa D,T1%Y 1130t 1530t¢ 27 27 0.25

* Tensile A, Appendix C-1.
*% 69 MPa D/T at 370 K for 200 days.
t True stress at 5% strain.

tt True stress at maximum load.

i Notched-bar tensile specimens, all others smooth-bar specimens.

11 69 MPa Dy at 620 K for 3 weeks.
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DATA SHEET IITA-2

A-286 Stainless Steel High Energy, Rate Forged*

Fracture

Test Condition Hydrogen Toughness,
Temp, K Eavironment Exposure MPa vm
298 69 MPa He noae 76*x

69 MPa Ho 89k

69 MPa He aone 7 1#kd

69 MPa Hjp GQHrk%

69 MP3 He none 81t

69 MPa Hjp 82t

69 MPa He none 9311

69 MPa Ho 89tt

69 MPa He 1.6 MPa Dy 88tt

69 MPa Hg 1.6 MPa Dy 971t

69 MPa He aone 529

69 MPa Hjp none 569

69 MPa Hj 1.5 MPa D, 59%

69 MPa He none 939%

69 MPa Hy none 9019

69 MPa H, 1.5 MPa Dy 971¢

* Single edge notched, Appendix C-6.
*% Aged 4 hours at 990 K (Heat 1).
¥%% Aged 8 hours at 990 K (Heat 1).
t Aged 16 hours at 990 K (Heat 1).
tt Aged B hours at 990 K (Heat 2).
1 HERF 6n1y not aged. Rp-II,
19 Aged 8 hours at 9%0 K. Rg-ll.
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DATA SHEET IITA-3

A-286 Stainless Steel Notch Impact Test*

Test Condition Hydrogen Impact
Temp, K Environment Exposure Energy, J
298 Air Base Metal
As Received 6.10
Argon¥¥ 5.08
D/Tt 4.74
298 Air Weld Metal
As Received 4,18
Argon¥*¥* 3.40
D/Tt 4,51

* Impact Appendix C-8.
*#% 0.21 MPa at 370 K for 200 days.
t 69 MPa D/T at 370 K for 200 days.
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DATA SHEET I1IIA-4

Fracture Parameters for A-286 Stainless Steel¥*

1000 | e
0 [::J Tested in Helium

Tested in Hydrogen

Charged with Deuterium, Tested in Hydrogen
800 1— —

600 |— —

—

J ., kd/m?

.
P

400

—

R

——
I

200 —
T
i 7
0 —
Parallel a5° . 90°
Orientation Orientation Orientation

* C-shaped tensile, Appendix C~7. Tested in 69 MPa H; or He.
Deuterium charged at 69 MPa at 620 K for 3 weeks.
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DATA SHEET IITA-5

Fracture Parameters for A-286 Stainless Steel¥

[ ] tested in telium
Tested in Hydrogen

Charged with Deuterium, Tested in Hydrogen ]

400 —

T

300 — 1 . T . _]
g T T
= .L /’ / -L < ﬂ-
< 7 / .
\ s
"8 | //'; /'/ /‘//

200 - 7 5// —

7 [

wh | 17

NS

NN

)

0 <L
Par:a’l lel 45° ©90°
Orientation Crientation Orientation

* C-shaped Tensile, Appendix C-7. Tested in 69 MPa He or Hsj.
Deuterium charged at 69 MPa at 620 X for 3 weeks.
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DATA SHEET IIIB-1
JBK-75 HERF and Age¥
Test Condition Hydrogen Strength, MPa Elongation, ¥ Fracture
Temp, K Environment Exposure Yield** Tensile Uniform Total Strain
298 69 MPa He none 800 1090 10 14 0.63

69 MPa Hjy none 890 1160 10 13 0.40
* Tensile, Appendix C-3.
*% 0,2% offset.
DATA SHEET IIIB-2
JBK=75 HERF and Age¥

Stress Fracture

Test Condition Hydrogen Intensity, EnerEy,
Temp, K Environment Exposure MPa Ym MJ/m
298 69 MPa He none 80 0.350

69 MPa Hjy none 80 0.333

69 MPa Hy 0.7 MPa Dy 81 0.294

at 625 K ' '

% C-shaped tensile, Appeandix C-7.
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DATA SHEET IIIC-1

17-4 Stainless Steel, Tensile Tubes¥
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Test Condition Hydrogen Strength, MPa Elongation, % Fracture

Temp, K Environment Exposure Yield** Tenslle Uniform Total Strain

298 Air none 940 980 - 4.7 -
69 MPa He 69 MPa He 1076 1145 - 6.4 -
35 MPa D/T 35 MPa D/Tt 1000 1000 - 0.7 -
69 MPa D/T 69 MPa D/Ttt 1062 1096 - 1.2 -

* Tensile E, Appendix C=5,
#% 0,.2% offset.
t 8 hours at 315 K.

Tt 2 hours at 370 K.

DATA SHEET IIIC-2

Fracture Toughness 17-4 PH Stainless Steel*

Fracture Toughness, MPavm

Material Test Environment

Condition 69 MPa He 3.5 MPa H, 69 MPa Ho

Underaged 104 -, 31 20

Y

Peak Aged 97 29 13

Overaged - 57 34

Solution Annealed 97 71 © 31

Heat Treatments

Material Aging Hardness

Condition Temp, K Rp

Underaged 709 38

Peak Aged 783 42 )

Overaged 866 35

Solution Annealed - 28

* C-shaped tensile, Appendix C-7.

All specimens were solution annealed 2 hours at

1339 K and aged 1 hour at indicated temperatures.
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DATA SHEET IIID-1
AM-350 Stainless Steel¥®
Test Condition Hydrogen Strength, MPa Elongation, % Fracture
Temp, K Envirooment Exposure Yield** Tensile Uniform Total Strain
298 Air none 420 1160 - 70 -
69 MPat 455 580 - 3/4 -

69 MPa He none 420 1240 - 55 -

6.9 MPa Do none 345 430 - 4 -

69 MPa D» none 430 520 - 2.6 -

0.69 MPa Dy  none 410 455 - -

* Condition H - aanealed at 1310 to 1350 K air cool or

** 0.2% offset.
t 26 days at 570 K.

DATA SHEET IIIE-1

AM-363 Stainless Steel

water quench.

Test Condition Hydrogen SFrength, MPa Elongation, £ Fracture
Temp, K Eavironment Exposure Yield* Tensile Uniform Total Strain
298 Air none 890 890 - -

Air 0.21 MPa Ho** 900 900 - 8.6 -

Air none 13404 1480 - -

Air 0.21 MPa Ho¥** 1400t 1500 - 3 -

* 0.21 MPa D3 at 630 K for 5 days.

%% 0,2% offset,
t Notched - 45° notch.

Notch diameter = 0.5X outer diameter.
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DATA SHEET IIIF-1

CG~27 Stainless Steel¥*

Test Condition Hydrogen Strength, MPa Elongation, ¥ Fracture
Temp, K Environment Exposure Yield** Tensile Uniform Total Strain
298 69 MPa He none 806 1165 - 29 0.30

69 MPa Hjp none 855 1117 - 10 0.13
298 69 MPa Hp 69 MPa Hjp at 855 1020 - 4 0.03

425 K~72 hrs

298 69 MPa Hetl none 1070 1385 - 12 0.13

69 MPa Hat none 1034 1138 - 1 0.03

* Tensile A, Appendix C-1l.
** 0,2% offset,
t HERF specimens.

DATA SHEET IIIG-1
Ni-SPAN-C* (Alloy 902)

Test Condition Hydrogen  Strength, MPa Elongation, # Fracture
Temp, K Environment Exposure Yield** Tensile Uniform Total Strain

298 Air none 676 1186 - 10 -
69 MPa He none 750 1160 - 16 -
6.9 MPa Hjp none - 1170 - 14 -
69 MPa Hy  none 650 1130 - 15 -

* Sheet sgpecimens 0.25 mm and 19 wm gauge length.
** 0,2% offser.
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HIGH PURITY ALLOYS

DATA SHEET IVA-l

Mechanical Properties {(Alloy A)*
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Test Condition Hydrogen Strength, MPa Elongation Fracture
Temp, K Environment Exposure¥ Yield Ultimate Uniform Total Strain
370 Air none 230 610 45 52 1,57
69 MPa 270 660 50 59 1.65
298 Air none 350 1270 62 73 1.66
69 MPa 290 1030 60 60 0.50
235 Air 69 MPa 390 1110 38 38 0.27
200 Air none 540 1320 36 46 1.42
69 MPa 420 1190 33 33 0.31
78 LN none - - - - 1.44
69 MPa - 1060 42 48 1.13

* Tensile B, Appendix C-2,
** Exposed at 620 K for 3 weeks,
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DATA SHEET IVB-1
Mechanical Properties (Alloy B)*
Test Condition Hydrogen Strength, MPa Elougation, % Fracture
Temp, K Enviromment  Exposure** Yield Ultimate Uniform Total Strain
370 Air none 240 630 45 56 1.58
69 MPa 260 660 46 56 1.40
298 Air none 340 1020 61 69 1.56
69 MPa 290 870 65 72 1.50
235 Air 69 MPa 320 1170 72 79 0.44
200 Air none 340 1170 64 74 1.57
69 MPa 380 1250 66 71 0.89
78 LN none 260 870 63 67 1.37
69 MPa 270 900 66 72 1.41
* Tensile B, Appendix C-2,
*% Exposed at 620 K for 3 weeks.
DATA SHEET IVC-1
Mechanical Properties (Alloy C)*
Test Condition Hydrogen Strength, 'MPa Elongation, # Fracture
Temp, K Environment Exposure** Yield Ultimate Uniform Total Strain
370 Air none 250 630 44 52 1.62
69 MPa 260 660 45 53 1.45
298 Air none 330 910 49 58 1.65
69 MPa 290 770 52 62 1.55
200 Air none 300 1100 78 87 1.52
69 MPa 330 1170 78 86 1.50
78 LN none 250 850 82 89 1.53
69 MPa 280 890 80 86 1.43

* Tensile B, Appendix C-2.
*% Exposed at 620 K for 3 weeks,
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Appendix B

Definitions of the Measured Properties in SRL data Sheets

ELORGATION

Percentage increase of a gauge length, unsually one inch,
during plastic strain in tension. 1o the data presented here,
crogshead motion was taken as the measure of change in length.

Total elongation is lemgth increase at fracture.

Uniform elongation is length increase to the point where drop
in load is detected which signals beginning of observable strain
localization or necking.

HEAT TREATMENTS

Aging is a process of heating a previcusly solution-trested
slloy to an intermediate temperature to cause precipitation of a
finely dispersed phese which hardems the allay.

Sensitization ie a heat treatment that causes precipitation of
carbides of the form Mpy Cg aleong grain boundaries and simulta=-
neously reduces the chromium content of the grain boundary reglons.

Solution annealing is a process of heating to elevated temper—
ature to disgolve all precipitates and produce a homogeneous solid
solution and quenching to retain the solid solutiom.

MECHANICAL PROCESSING

Ingots of stainless steel are formed into plate or bar by
mechanical processes of rolling and forging.

Cross-rolled plate refers to turning plate 90" between passes
through the rolling mills to minimize preferred orientation that
ariges during the rolling procesa.

High eaergy rate forged (HERF) alloys are hot forged at a very
rapid rate and immediately gquenched in water to retain deformatien
introduced during forging.
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PLASTIC STRAIN

Trreversible or permanent strein of the test specimen measured
by subtracting elastic or recaverable strain from total strain.
This was usually done graphically on the load-deformation record
pbtained during a temsile teat.

Plastic strain to failure (fp) is caleulated from the mea-
sured change in cross sectional area from the original (Ag) to
the final area (Ap) at the fracture.

Ep = In AOEAF

Reduction in area (BA) is 2 measure of plastieity calculated from
the original (Ag) and final (Af) crose sectiomal areas.

4 7 A

R4 = 100 A

0

STRESS

Stress or force per unit ares may be defined with respect to
an inirial srea (enginesring atress) or the instantanecus area
{true streas), Both definitions have been utilized in data
presented here and are distinguished in each table.

Yield strength is the stress corresponding to a plastic strain
of 5% unless otherwise noted,

Ultimate stremgth is the true stress corresponding at maximum
load.

Tensile strength is the engineering stress at maximum load.

STRESS INTENSITY

The stress intensity facter (¥) relates the stress Field
Eﬂijj around a erack tip to the crack dimensions (a) and
specimen dimensions (width = w), whers the function f{a,W} depends
on specimen shape, crack locatiom and loading wmode.

The atress intensity corresponding to the critical value for
crack extensiom is the Fracture Toughness (Kg). Fracture tough=
ness is a measure of the ability of a material to resist crack
propagation,

Under sustained load, cracks will propagate in hydrogen at
stresa intensities greater than a threshold or Kyg-



WSRC-STI1-2008-00043 page 85 of 98

Appendix C

Mechanical Test Specimens

C-1to C-3: Tensile Specimens

C-4: Notched Tensile Specimen

C-5: Tensile Tube Specimen

C-6 and C-6a: Single Edge Notched Specimen

C-7 and C-7a: C-shaped Fracture mechanics Specimen
C-8: Impact Specimen
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APPENDIX C-1

Smooth Bar Tensile

' -14 UNC -2
8 (Typical}

Chamfer 30° t1°
To Root Dio of Thd

{ Typical)

APPENDIK C-2

Test Specimen A

ii [}
—

—0.25" R {Typical)

- 1875

o34 D
i {Typical}

(Typical}

| e |

—-lcu!ru" b 100" o

=

Smooth Bar Tensile Test Specimen B

\9.-" 36 Dio.

—— 1\

---uz"—-Lk a8

- /1 L

3/8-16 NC

L~

0,188 Dia ™ 125
\ 3z P —

174" Radius

| |

—wrm——1000 * 005 —-J--ara 2"

2. 34" —.-i

* Increose diameter from ceater af gage (/88

to the end's by 0002

-0.020" R Min.
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APPENDIK C-3

Smooth Bar Tensile Test Specimen C

18 -20 UNG

AR

D+ f
.oor” .
092" Coge. # | o 21268%0 o 163"
Langth 24
i L L 0a2s" A
=1 044"

AN

APFENDIX C-4

Circumferential Hotch at Center of Specimen
for Notched Tenaile Specimens

R —
I—-r— 0.132"
|

¥

l

— 5= a0

| Match Root
| Rodius = 0.005"
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APPENDIK C-5

Tensile Tube Specimen

]

&

i | =

. — 2.75 &

2 '_:l:'

(=]

@F-' 3 -24NE-F

SR 30 g

I
'C — fﬂ'—j?ﬁ" R. Typ | | __'EIEE;;;.._“_
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APPENDIX C-6

Single Edge Notched Tensile Specimen

- 0.157"

/O.EIS'IJiu-E Hole:

- 0313"

e—— 0.625 -

' 1
C T
1.250"
—> | 2.500
1.250
ﬁ_g}_r
0.313"
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APPENDIX C-6a

Detail of Wotech in Single Edge Notched Tensile Specimen

Notes: 1} All demensions * 0.001"

2) Notch root radius = 0.005"

3) To prevent excessive hordening in notch oreo, machine fingl
0.040" of notch in five cuts (0.010" on first cut, 0.010"
on 2nd cut, 0.010" on 3rd cut, 0.005" on 4th cut and
0.005" an 5th cut),
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APPERDIX C-7

C-Shaped Fracture Mechanica Specimen

— 0.150"

0.1285" Dio. - 2 Holes

s 0.175" =
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APPENDIK C-Ta

Detail of Noteh in C-Shaped Fracture Mechanics Specimen

— —45°

Notes: 1) All demensions £ 0.001"
2) Notch root radius = 0.005"

APPENDIX C-8

Impact Specimen: Modified Naval Research Laboratory
Dynamic Tear Specimen

4 .
e )\ 0.a70" 0.315
%
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Appendix D

Heat Analyses

D-1: Type 304L Stainless Steel
D-2: Type 330 Stainless Steel
D-3: Incoloy® 800H

D-4 Tenelon®

D-5: Nitronic 40® Stainless Steel
D-6: Nitronic 50® Stainless Steel
D-7: Type 316 Stainless Steel
D-8: X18-3 Mn Stainless Steel
D-9: 18-18 Plus®

D-10: 304N

D-11: Carpenter 20 Cb-3®
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DATA SHEET D-2

Heat Analysis Type 330 Stainless Steel

Element Weight Percent
C 0.049
Mn 1,40
P -

5 0,005
51 1.46
Cr 18.40
Wi 35.00
Mo 0,18
H -

Al -

Ti 0.45
Nk -

Cu 0.20

DATA SHEET D-3

Heat Analyeis Incoloy® S00H

Eloment Weight Percent
& 0,08
Mo 0.84
P- -—

5 0.002
5i 0.51
Cr 19.19
Wi 3404
Mo ' -

H -

Al 0.36
Ti 0.41
H‘h -

Cu 0.52
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DATA SHEET D-4

Heat Analysis Teneleon®

Element Height Percent
[ -

Mn 15.3

P -

E —

5i 0.53

Cr 17.:.4

Hi 0.22

Mo -

N 0.4=0.6
Al -

Ti -

Kb -

Cu -

DATA SHEET D=5

Heat Analysis Nitronic® 40 Stainless Steel

Element Weight Percent
c 0.015
Mn 9.01
P 0,018
8 0.01l&
8i 0.24
Cr 20.32
Wi 6.71
Ho -

N 0.35
Al -

T1i -

Hb -

Cu -
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DATA SHEET D-6

Heat Analysis Nitronic® 50 Stainless Steel

Element Weight Percent
H 0.05
Mn 3.44
P 0.015
& 0.010
5i 0.42
Cr 21.48
Wi 12.36
Mo 2.1z2
N 0.25
Al -

Ti -

Nb 0.19
Cu -

L) 0.2

DATA SHEET D=7

Heat Anglysis Type 316 Stainless Steel

Element Weight Percent
H 0.07
Mn B.08
P 0.015
5 0.023
8i 0.69
Cr 19.57
Ni 3,67
Mo 2.13
] 0,32
Al -

Ti -

Hb -

Cu -
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DATA SHEET D-8

Heat Analysis X18-3 Mn Stainless Steel

Element Weight Percent
C 0.067
Mn 12.4

P 0.013
s 0.013
81 0.43
Cr 18.55
Wi 3.17
Mo -

H 0.33
Al -

Ti -

Kb -

Cu -

B 0.0015

DATA SHEET D-9

Heat Analysis 18-18 Plus®

Element Weight Percent
c 0.11
Mn 17.80
P 0.020
] 0.00&
8i 0.586
Cr 17.78
MNi 0.46
Mo 1,09
N 0.45
al -

Ti -

Hhb -

Cu 0.95

Co 0.01
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DATA SHEET D-10

Heat Analysis 304N

Element Weight Percent
c 0,06
Hn 1.66
P 0.30
5 0.025
81 0.19
Cr 18.37
Ni B.43
Mo 0.10
.| 0.250
Al -

Ti -

Hb -

Cu 0.15%

DATA SHEET D-11

Heat Analysis Carpenter 20 Cb-3®

Element Weight Percent
c 0,018
Mn 1.60
P 0.028
g 0.007
S1 0. 44
Cr 20. 60
Mi 34.90
Mo 4,33
H -—

Al -

Ti -

Nb 0.39

Cu 0.20
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