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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: 
 
• 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. 

• 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). 

• 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.%. 

• 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.  
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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 I) 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 II) 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 III) 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 IV) 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 Jm (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 
composition 
(wt.%) 

Test 
Environment 

Exposure 
Condition 

Data Type Remarks Data Sheets 
and page 
numbers in 
Ref. [1] 

304L 
bar stock, as 
received 
19Cr, 10Ni 

78K (LN) – 
380K (air) 

None &  
69 MPa H2, 
470K,  
1449 days 

Tensile LN: Liquid 
Nitrogen 

IA-1 
page 81 

304L 
as received 

78 (air), 
298K (air) 

None &  
17.9 MPa 
H2, 470K, 
1000 hours 

Charpy: 
Impact 
Energy 

 IA-2 
page 81 

304L 
tube 

69 MPa 
H2/He, RT 

H2/He, 
425K, 8 and 
32 days 

Tensile RT: Room 
Temperature 

IA-3 
page 82 

304L HERF 200-380K 
air 

None &  
69 MPa H2, 
620K,  
3 weeks 

Tensile HERF: high 
energy rate 
forged 

IA-5 
page 83 
 

304L HERF 77 and 
298K, air 

None &  
29.6 MPa 
H2, 470K, 
56 days 

Charpy  IA-6 
page 83 

304L HERF 69 MPa  
He /H2 

None &  
69 MPa D2, 
620K,  
3 weeks 

Fracture C-
specimen 
(Jm) 

D2: 
Deuterium; 
Jm: J at max. 
load 

IA-7 
page 84 
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304L HERF 69 MPa  
He /H2 

None &  
69 MPa D2, 
620K,  
3 weeks 

Fracture C-
specimen 
(dJ/da) 

dJ/da: 
tearing 
capability 

IA-8 
page 85 

304L heat 
treated, GS 
9.5 -340 µm 

69 MPa 
He/H2 

 Tensile GS: grain 
size 

IA-9 
page 86 

304L heat 
treated, GS 
6.1 -290 µm 

220K None & 69 
MPa (4.7cc 
D2/cc) 

Tensile  IA-10 
page 86 

304L  
GS 6µm 

220K, 
Crosshead: 
51 & 0.51 
mm/min 

None &  
69 MPa,  
3 weeks 

Tensile  IA-11 
page 87 

304L heat 
treated, 
solution 
anneal & 
sensitized 

69 MPa Air, 
He, & H2 

 Tensile  IA-12 
page 87 

304L 
notched bar 

Air 
(0.1MPa); 
He & H2  
(69 MPa) 

 Tensile  IA-13 
page 88 

304L 
notched bar 

 Annealed 
Ag, 380K, 
200 days; 
69 MPa H2, 
380K,  
200 days 

Tensile  IA-14 
page 89 

304L 
notched bar 

Air, 0.1 MPa 
H2, 1.03 
MPa H2, 
6.89 H2 

 Tensile  IA-15 
page 89 

304L RT, H2, 
prestress 772 
MPa, Creep 
325 to 614 
hours 

 Pre-existing 
crack in 
tensile tube: 
Slow Crack 
Growth 

 IA-16 
page 90 

304N 
19Cr, 9Ni, 
0.13N 

200-298K, 
air and  
69 MPa He 
and H2 

None &  
69 MPa H2 

430K, 1000 
hours;  
69 MPa D2, 
620K,  
3 weeks 

Tensile  IB-1 
page 91 
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309S 
23Cr, 13Ni 

Air, 69 MPa 
He and H2 

None, 69 
MPa H2 

430K 14 
days; 28 
MPa H2, 
470K,  
100 hours 

Tensile  IC-1 
page 92 

310 bar 
stock, as 
received 
25Cr, 20Ni, 
0.25C 

78 (LN) to 
380K (air) 

None & 69 
MPa H2 

470K  
1449 days 

Tensile  ID-1 
page 93 

310  298K, air 
and 69 MPa 
H2, He 

None &  
69 MPa H2 

430K  
1000 hours 

Tensile  ID-2 
page 93 

316 bar 
stock, as 
received 
17Cr, 12Ni, 
2.5Mo 

air None &  
69 MPa H2 

620K  
3 weeks 

Tensile  IE-1 
page 94 

Carpenter 20 
Cb-3® as 
received 
20Cr, 34Ni, 
2.5Mo, 
3.5Cu, 
0.6Nb 

Air 200 
&298K; 69 
MPa H2 

298K 

None &  
69 MPa D2 
620K,  
3 weeks 

Tensile  IF-1 
page 95 

Incoloy® 
800H, hot 
rolled plate, 
solution 
annealed 
21CR, 32Ni, 
0.75Cu, 
0.3Al, 0.3Ti 

78 (LN) to 
380 K air 

None & 
69 MPa H2 

620K  
3 weeks 

Tensile  IG-1 
page 95 

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

298K air,  
69 MPa He 
and H2 

none Tensile  IH-1 
page 96 
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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 H2 

None Tensile  IH-2 
page 96 

Nickel 301, 
(annealed 
1170K 5 min, 
quenched); 
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 H2 

none Tensile  IJ-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 H2 

none Tensile  IJ-2 
page 97 

440C 
19Cr, 
0.75Mo, 
0.95 to 1.2C 

298K air None &  
69 MPa D2 
620K,  
3 weeks 

Tensile  IK-1 
page 98 
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Table 2 Test data and references for iron-chromium-nickel-manganese alloys 
II.  Iron-Chromium-Nickel-Manganese Alloys 
Type and 
composition 
(wt.%) 

Test 
Condition 

Exposure 
Condition 

Data Type Remarks Data Sheets 
and page 
numbers in 
Ref. [1] 

Tenelon® plate, 
as received, 
electropolished, 
annealed 
1170K 24 
hours, annealed 
1270K 24 
hours 
18Cr, 15 Mn 

78 (LN) – 
350K air 

None &  
69 MPa H2 

620K  
3 weeks 

Tensile  IIA-1 
page 99 

Tenelon® air, 69 MPa 
He, 69 MPa 
H2 

None & 69 
MPa H2 

423K,  
1000 hours 

Tensile  IIA-2 
page 100 

Tenelon® as 
received, 
Anneal 1170K, 
Anneal 1270K 

78 and 
200K 

 Fracture-
SENT 
(K) 

SENT: 
single edge 
notched 
tension, 
K: fracture 
toughness 

II-A3 
page 100 

Nitronic® 40 
(21-6-9) 
bar stock, as 
received 
21Cr, 6Ni, 
9Mn, 0.15 to 
0.4N 

78 (LN) – 
380K air 

None &  
69 MPa H2 

620K  
3 weeks 

Tensile  IIB-1 
page 101 

Nitronic® 40 
heat treated: 
solution Anneal 
& Sensitized 

200 and 
230K air 

None Smooth and 
Notched 
Tensile 

 IIB-2 
page 102 

Sensitized 
Nitronic® 40 
Solution 
Annealed, 920 
K-2 hr, 920K-
24 hr 

69 MPa He, 
69 MPa H2 

None Smooth and 
Notched 
Tensile 

 IIB-3 
page 103 
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Sensitized 
Nitronic® 40 
Solution 
Annealed, 
920K-24 hr 

200K None & 
 69 MPa H2 

620K  
3 weeks 

Tensile Crosshead: 
5 and 0.5 
mm/min 

IIB-4 
page 103 

Nitronic® 40 298K air, 
69 MPa He, 
69 MPa H2 

None Tensile  IIB-5 
page 104 

Nitronic® 40 
Cold Worked 
30% 

298K air, 
69 MPa He, 
69 MPa H2 

None &  
30 MPa H2 

Tensile  IIB-6 
page 104 

Nitronic® 40 
HERF 

78K (LN) – 
380K air 

None, 69 
MPa 470K 
1449 days, 
69 MPa 
620K  
21 days 

Tensile  IIB-7 
page 105 

Nitronic® 40 
HERF 

298K, air, 
69 MPa He, 
69 MPa H2 

None &  
28 MPa H2 

Tensile  IIB-8 
page 105 

Nitronic® 40 
HERF 

77K (LN) & 
298K air 

None & 
29.6 MPa 
H2 470K  
56 days 

Charpy: 
Impact 
Energy 

 IIB-9 
page 106 

Nitronic® 40 
HERF 

298K, 69 
MPa He, 69 
MPa H2 

None &  
0.6 MPa H2 

Fracture: C-
specimen 
(K) 

 IIB-10 
page 106 

Nitronic ® 40 
HERF 

69 MPa He, 
69 MPa H2 

Annealed in 
He, 69 MPa 
D2 620K  
3 weeks 

Fracture: Jm  IIB-11 
page 107 

Nitronic ® 40 
HERF 

69 MPa He, 
69 MPa H2 

Annealed in 
He, 69 MPa 
D2 620K  
3 weeks 

Fracture: 
dJ/da 

 IIB-12 
page 108 

Nitronic® 50 
(22-13-5) 
bar stock, as 
received 
22Cr, 13Ni, 
5Mn, 2Mo, 0.2 
to 0.4N 
 

78K (LN) – 
380K air 

None & 
69 MPa H2 

620K  
3 weeks 

Tensile  IIC-1 
page 109 

Nitronic® 50 
bar stock, as 
received 

298K, air, 
69 MPa He, 
69 MPa H2 

None Tensile  IIC-2 
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Nitronic® 50 
HERF 

298K, air, 
69 MPa He, 
69 MPa H2 

None &  
D2 620K  
3 weeks 

Fracture: Jm 
and dJ/da 

 IIC-3 
page 110 

18-18 Plus® 

18Cr,0.5Ni, 
18Mn, 1Mo, 
0.4N, 1Cu, 
0.1Co  

298K,  
69 MPa He, 
69MPa H2 

None Tensile  IID-1 
page 110 

X18-3 Mn 
Stainless Steel 
18Cr, 3Ni, 
12Mn, 0.3N 
 

298K, air, 
69 MPa He, 
69 MPa H2 

None Tensile  IIE-1 
page 111 

18-2 Mn 
Stainless Steel 
18Cr, 2Ni, 
13Mn 

298K, air, 
69 MPa H2 

None Tensile  IIF-1 
page 111 

216 
20Cr, 6Ni, 
8Mn, 2Mo, 
0.32N 

298K, air, 
69 MPa He, 
69 MPa H2 

None &  
69 MPa 
430K  
1000 hours 

Tensile  IIG-1 
page 112 

 
 

Table 3 Test data and references for precipitation hardenable alloys 
III.  Precipitation Hardenable Alloys 
Type and 
composition 
(wt.%) 

Test 
Environment 

Exposure 
Condition 

Data Type Remarks Data Sheets 
and page 
numbers in 
Ref. [1] 

A286 
15CR, 26Ni, 
1.25Mo, 2Ti, 
0.25Al, 0.3V 

220 and 
298K, air 

None &  
2.1 MPa Ar, 
69 MPa D2 
620K  
3 weeks 

Tensile  IIIA-1 
page 113 

A286 HERF 
(Heat 1, Heat 
2, Rc-11) 

298K,  
69 MPa He, 
69 MPa H2 

None & 1.6 
MPa D2 
990K 8 
hours; 1.5 
MPa D2 
990K 8 
hours 

Fracture: K  IIIA-2 
page 114 
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A286 base 
metal and weld 
metal 

298K air 0.21 MPa 
Ar 370K 
200 days 

Charpy: 
Impact 
Energy 

Contains 
data for 
specimens 
exposed to 
deuterium 
and tritium 

IIIA-3 
page 115 

A286 69 MPa He, 
69 MPa H2 

69 MPa D2 
620K  
3 weeks 

Fracture C-
specimen 
(Jm) 

 IIIA-4 
page 116 

A286 69 MPa He, 
69 MPa H2 

69 MPa D2 
620K 3 
weeks 

Fracture C-
specimen 
(dJ/da) 

 IIIA-5 
page 117 

JBK-75 HERF 
15Cr, 30Ni, 
1.25Mo, 2Ti, 
0.25Al, 
0.001B, 0.25V 

298K,  
69 MPa He, 
69MPa H2 

None Tensile  IIIB-1 
page 118 

JBK-75 HERF 298K,  
69 MPa He, 
69MPa H2 

None & 0.7 
MPa D2 
625K  

C-shaped 
Fracture: K 

 IIIB-2 
page 118 

17-4 Stainless 
Steel, tensile 
tubes 
16.5Cr, 4Ni, 
4Cu, 0.3Nb 

298K, air, 
69 MPa He 

69 MPa He Tensile Contains 
data for 
specimens 
exposed to 
deuterium 
and tritium 

IIIC-1 
page 119 

17-4 PH 
Stainless Steel 
Solution 
annealed 2 hrs 
1339K, aged 1 
hour 709-866K 

69 MPa He, 
3.5 MPa H2, 
69 MPa H2 

None C-shaped 
Fracture: K 

Hardness; 
Rc data 
available 

IIIC-2 
page 119 

AM-350, 
Condition H – 
annealed 1310 
to 1350K air 
cool or water 
quench 
16.5Cr, 4.3Ni, 
2.8Mo, 0.1N 

298K, air, 
69 MPa He, 
69 MPa D2, 
6.9 MPa D2, 
0.69 MPa D2 

None & 
69 MPa 
570K  
26 days 
(test in air 
only) 

Tensile  IIID-1 
page 120 

AM-363 
11.5Cr, 4.5Ni, 
0.5Ti 

298K air None & 
0.21 MPa 
D2 630K  
5 days 

Smooth and 
Notched 
Tensile 

 IIIE-1 
page 120 
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CG-27 
(also CG-27 
HERF) 
13Cr, 38Ni, 
6Mo, 2.5Ti, 
1.6Al, 0.6Nb 

298K air,  
69 MPa He, 
69 MPa H2 

None &  
69 MPa H2 

425K 72 
hours 

Tensile  IIIF-1 
page 121 

Ni-SPAN-C 
(Alloy 902) 
Sheet 
specimens 0.25 
& 19 mm gage 
length 
5Cr, 42Ni, 
0.5Al, 2.5Ti 

298K, air, 
69 MPa He, 
69 MPa H2, 
6.9 MPa H2 

None Tensile  IIIG-1 
page 121 

 
 

Table 4 Test data and references for high purity alloys 
IV.  High Purity Alloys 
Type and 
composition 
(wt.%) 

Test 
Environment 

Exposure 
Condition 

Data Type Remarks Data Sheets 
and page 
numbers in 
Ref. [1] 

Alloy A 
18Cr, 10Ni, 
N<0.01 

78 (LN) – 
370K air 

None &  
69 MPa H2 

620K  
3 weeks 

Tensile  IVA-1 
page 122 

Alloy B 
18Cr, 14Ni, 
N<0.01 

78 (LN) – 
370K air 

None &  
69 MPa H2 

620K  
3 weeks 

Tensile  IVB-1 
page 123 

Alloy C 
18Cr, 19Ni, 
N<0.01 

78 (LN) – 
370K air 

None &  
69 MPa H2 

620K  
3 weeks 

Tensile  IVC-1 
page 123 

 
 
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 ½, 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 I (Fe-Cr-Ni), Type II (Fe-Cr-
Ni-Mn), Type III (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-Rf/Ro, where Ro is the original cross-sectional area of the tensile 
specimen, and Rf 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) 

)exp(1RA f
pε−−= , where f

pε  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 f

pε  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 “-”. 
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(a) Tensile Specimen A, (b) Tensile Specimen B, 
 Gage length: 50.8 mm (2 in.) Gage length: 25.4 mm (1 in.) 

 
 
 

 
(c) Tensile Specimen C, Gage length: 12.7 mm (½ in.) 

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

Alloy 

 
 
Test  
Environ-
ment. 

Strength (MPa) Ductility (%)  
 
 

Ref. 

Stress at 
0.2% offset 
unless 
specified 

Ultimate 
Tensile 
Strength 
(UTS) 
unless 
specified 

 
Uniform  
Elonga-
tion 

 
Total 
Elonga-
tion 

Speci-
men 
Type 
and 
Gage 
(mm) 

 
Reduction 
of Area 
(RA) 

304L 
As received 
Grain Size 
(GS)=9.5 µm 

Air 
He 
H2 

- 
390 (5%) 
390 (5%) 

- 
574 
583 

- 
62 
56 

- 
71 
62 

 
Type B  
(25.4) 
 

- 
89 
76 

[1] IA-9, 
[13] 

304L 
Sensitized at 
920K 24hrs 
(GSH10 µm) 
 

Air 
He 
H2 

- 
380 (5%) 
380 (5%) 

- 
596 
599 

- 
56 
57 

- 
63 
63 

 
Type B  
(25.4) 

- 
82 
68 

[13] 

304L 
Annealed at 
1170K  
for 24hrs 
GS=30µm 

Air 
He 
H2 

- 
260 (5%) 
240 (5%) 

- 
532 
515 

- 
82 
88 

- 
89 
94 

 
Type B  
(25.4) 

- 
90 
92 

[1] IA-9, 
[13] 

304L 
Annealed at 
1270K  
for 24hrs 
GS=55µm 

Air 
He 
H2 

- 
250 (5%) 
240 (5%) 

- 
510 
500 

- 
90 
86 

- 
99 
91 

 
Type B  
(25.4) 

- 
90 
69 

[1] IA-9, 
[13] 

304L 
annealed at 
1470K  
for 24hrs 
GS=340µm 

Air 
He 
H2 

- 
190 (5%) 
180 (5%) 

- 
458 
451 

- 
81 
84 

- 
88 
88 

 
Type B  
(25.4) 

- 
89 
65 

[1] IA-9, 
[13] 

304L 
As machined 

Air 
He 
H2 

- 
- 
370 (5%) 
 

- 
- 
569 

- 
- 
60 

- 
- 
66 

 
Type B  
(25.4) 

- 
- 
78 

[13] 

304L 
Electro-
polished 

Air 
He 
H2 

- 
376 (5%) 
370 (5%) 

- 
589 
593 

- 
68 
62 

- 
76 
73 

 
Type B  
(25.4) 

- 
91 
90 

[13] 

304L 
Electro-
polished * 
Pd plated 

Air 
He 
H2 

- 
- 
390 (5%) 

- 
- 
591 

- 
- 
64 

- 
- 
73 

 
Type B  
(25.4) 

- 
- 
85 

[13] 

304L 
Annealed at 
1170K , 5 
min. in 
Argon, 
Quenched in 
8% UCONC® 
Coolant 

Air 
He 
H2 

- 
- 
270 (5%) 

- 
- 
519 

- 
- 
83 

- 
- 
93 

 
Type B  
(25.4) 

- 
- 
87 

[13] 

304L 
Annealed at 
1170K , 5 
min. in 
vacuum, 
slow cool 

Air 
He 
H2 

- 
- 
260 (5%) 

- 
- 
532 

- 
- 
86 

- 
- 
92 

 
Type B  
(25.4) 

- 
- 
83 

[13] 

304L 
Solution 
Anneal 

Air 
He 
H2 

380 (5%) 
375 (5%) 
370 (5%) 

630 (true) 
600 (true) 
580 (true) 

- 
- 
- 

- 
- 
- 

 
Type B  
(25.4) 

86 
89 
75 

[1] IA-12 
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304L 
Sensitized 

Air 
He 
H2 

300 (5%) 
350 (5%) 
330-350 
(5%) 

560 (true) 
670 (true) 
660 (true) 

- 
- 
- 

- 
- 
- 

 
Type B  
(25.4) 

83 
89 
50-55 

[1] IA-12 

304N Air 
He 
H2 

760 
630 
640 

880 
850 
840 

- 
- 
- 

33 
43 
36 

Type A  
(50.8) 

71 
74 
54 

[1] IB-1 

309S Air 
He 
H2 

290 
276 
260 

600 
580 
586 

- 
- 
- 

54 
60 
63 

Type A  
(50.8) 

72 
71 
74 

[1] IC-1 

310 Air 
He 
H2 

210 
180 
186 

540 
480 
490 

- 
- 
- 

61 
70 
67 

Type A  
(50.8) 

79 
80 
82 

[1] ID-2 

316 
(unknown 
data source) 

Air 
He 
H2 

- 
186 (?) 
206 (?) 

- 
565 (?) 
503 (?) 

- 
- 
- 

- 
74  
48 

(?) - 
81 
33 

[14]  

Carpenter 
20 Cb-3 

Air 
He 
H2 

236 
- 
230 

600 
- 
590 

- 
- 
- 

48 
- 
48 

Type B  
(25.4) 

68 
- 
68 

[1] IF-1 

Incoloy® 
800H 
 

Air 
He 
H2 

310 (5%) 
- 
- 

554 
- 
- 

48 
- 
- 

55 
- 
- 

Type B  
(25.4) 

62 
- 
- 

[1] IG-1 

Nickel 200 
Annealed at 
1090K, 15 
min, furnace 
cooled 

Air 
He 
H2 

88 (5%) 
120 (5%) 
106 (5%) 

506 (true) 
490 (true) 
470 (true) 

- 
- 
- 

55 
55 
51 

Type A  
(50.8) 

90 
91 
53 

[1] IH-1 

Nickel 200 
Annealed at 
1090K, 15 
min, Plus 
annealed at 
773K, 64 
hrs, air 
cooled 

Air 
He 
H2 

135 (5%) 
122 (5%) 
156 (5%) 

480 (true) 
450 (true) 
460 (true) 

- 
- 
- 

50 
48 
45 

Type A  
(50.8) 

89 
87 
50 

[1] IH-1 

Nickel 301 
Annealed at 
1170K, 5 
min, 
quenched 

Air 
He 
H2 

451 (5%) 
486 (5%) 
532 (5%) 

778 (true) 
791 (true) 
618 (true) 

- 
- 
- 

39 
34 
12 

Type A  
(50.8) 

85 
74 
20 

[1] IJ-1 

Nickel 301 
Annealed at 
1170K, 5 
min, Plus 
annealed 
860K 16 hrs, 
810K 5 hrs, 
and 755K 5 
hrs, furnace 
cooled 

Air 
He 
H2 

1008 (5%) 
1009 (5%) 
- 

1380 (true) 
1350 (true) 
850 (true) 

- 
- 
- 

23 
22 
4 

Type A  
(50.8) 

39 
34 
0 

[1] IJ-1 
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Table 6 Tensile properties for Fe-Cr-Ni-Mn Alloys 
 

Alloy 
Test  
Environ-
ment. 

Strength (MPa) Ductility (%) Ref. 
Stress at 
0.2% offset 
unless 
specified 

Ultimate 
Tensile 
Strength 
(UTS) 
unless 
specified 

Uniform  
Elonga-
tion 

Total 
Elonga-
tion 

Speci-
men 
Type 
and 
Gage 
(mm) 

Reduction 
of Area 
(RA) 

Tenelon® 
(U.S. Steel 
Corp) 

Air 
He 
H2 

570 
500 
500 

930 
875 
900 

- 
- 
- 

56 
65 
55 

Type A  
(50.8) 

65 
68 
47 

[1] IIA-2 

Nitronic®-40 
(21-6-9) 
(Armco, Inc) 

Air 
He 
H2 

400 
350 
360 

670 
700 
700 

- 
- 
- 

58 
69 
61 

Type A  
(50.8) 

78 
77 
76 

[1] IIB-5 

Nitronic®-40 
(21-6-9) 
Cold worked 
30% 

Air 
He 
H2 

1240 
1010 
980 

1290 
1050 
1100 

- 
- 
- 

26 
26 
26 

Type A  
(50.8) 

58 
63 
64 

[1] IIB-6 

Nitronic®-40 
(21-6-9) 
HERF 

Air 
He 
H2 

610 
570 
570 

790 
780 
790 

- 
- 
- 

34 
34 
30 

Type A  
(50.8) 

74 
75 
73 

[1] IIB-8 

21-6-9 
As received 

Air 
He 
H2 

- 
640 
650 

- 
741 
755 

- 
42 
41 

- 
52 
50 

Type B  
(25.4) 

- 
67 
70 

[15] 
p.130 

21-6-9 
Heat treated 
at 923K 2 
hrs, Argon 
cooled 

Air 
He 
H2 

- 
620 
620 

- 
770 
763 

- 
43 
42 

- 
50 
49 

Type B  
(25.4) 

- 
78 
78 

[15] 
p.130 

21-6-9 
Heat treated 
at 923K 24 
hrs, Argon 
cooled 

Air 
He 
H2 

- 
607 
600 

- 
760 
756 

- 
46 
46 

- 
53 
52 

Type B  
(25.4) 

- 
75 
67 

[15] 
p.130 

Nitronic®-50 
(22-13-5) 
(Armco, Inc) 

Air 
He 
H2 

440 
400 
400 

710 
680 
680 

- 
- 
- 

43 
47 
45 

Type A  
(50.8) 

72 
74 
73 

[1]IIC-2 

18-18® Plus 
(carpenter 
Technology) 

Air 
He 
H2 

- 
520 
506 

- 
910 
800 

- 
- 
- 

- 
63 
42 

Type A  
(50.8) 

- 
78 
34 

[1] IID-1 
[2] 

X18-3 Mn Air 
He 
H2 

580 
530 
520 

810 
790 
790 

- 
- 
- 

45 
50 
46 

Type A  
(50.8) 

71 
74 
73 

[1] IIE-1 

18-2 Mn Air 
He 
H2 

730 
- 
660 

1007 
- 
924 

- 
- 
- 

51 
- 
33 

Type A  
(50.8) 

58 
- 
27 

[1] IIF-1 

216 Air 
He 
H2 

640 
590 
590 

810 
790 
780 

- 
- 
- 

40 
45 
44 

Type A  
(50.8) 

67 
70 
69 

[1] IIG-1 
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Table 7 Precipitation Hardenable Alloys 
 

Alloy 
Test  
Environ-
ment. 

Strength (MPa) Ductility (%) Ref. 
Stress at 
0.2% offset 
unless 
specified 

Ultimate 
Tensile 
Strength 
(UTS) 
unless 
specified 

Uniform  
Elonga-
tion 

Total 
Elonga-
tion 

Speci-
men 
Type 
and 
Gage 
(mm) 

Reduction 
of Area 
(RA) 

A286 
(unknown 
data source) 

Air 
He 
H2 

- 
724 (?) 
710 (?) 

- 
1117 (?) 
1131 (?) 

- 
- 
- 

- 
26 
34 

(?) - 
47 
49 

[14] 

JBK-75 
HERF 

Air 
He 
H2 

- 
800 
809 

- 
1090 
1160 

- 
10 
10 

- 
14 
13 

Type C  
(12.7) 

- 
47 
33 

[1] IIIB-
1 

17-4PH 
(No data) 

        

AM350 
Annealed at 
1310 to 
1350K, air 
cooled, or 
water 
quenched 

Air 
He 
D2 

420 
420 
430 

1160 
1240 
520 

- 
- 
- 

70 
55 
2.6 

(?) - 
- 
- 

[1] IIID-
1 

AM363 
(No data) 

        

CG-27 
 

Air 
He 
H2 

- 
806 
855 

- 
1165 
1117 

- 
- 
- 

- 
29 
10 

Type A  
(50.8) 

- 
26 
12 

[1] IIIF-1 
[14] 

CG-27 
HERF 

Air 
He 
H2 

- 
1070 
1034 

- 
1385 
1138 

- 
- 
- 

- 
12 
1 

Type A  
(50.8) 

- 
12 
3 

[1] IIIF-1 

Ni-SPAN-C 
(Alloy 902) 

Air 
He 
H2 

760 
750 
650 

1186 
1160 
1130 

- 
- 
- 

10 
16 
15 

Sheet 
(19) 

- 
- 
- 

[1] IIIG-
1 

 
 
 

Table 8 High Purity Alloys 
 

Alloy 
Test  
Environ-
ment. 

Strength (MPa) Ductility (%) Ref. 
Stress at 
0.2% 
offset 
unless 
specified 

Ultimate 
Tensile 
Strength 
(UTS) 
unless 
specified 

Uniform  
Elonga-
tion 

Total 
Elonga-
tion 

Speci-
men 
Type 
and 
Gage 
(mm) 

Reduction 
of Area 
(RA) 

Alloy A 
18CR-10Ni 

Unknown 
Pressure 
Air 
He 
H2 

 
 
350 (5%) 
- 
- 

 
 
780 
- 
- 

 
 
62 
- 
- 

 
 
73 
- 
- 

Type B  
(25.4) 

 
 
81 
82 
26 

[1]  
IVA-1 
[15] 
p.167 

Alloy B 
18CR-14Ni 

Unknown 
Pressure 
Air 
He 
H2 

 
 
340 (5%) 
- 
- 

 
 
640 
- 
- 

 
 
61 
- 
- 

 
 
69 
- 
- 

Type B  
(25.4) 

 
 
79 
83 
91 

[1] IVB-
1 
[15] 
p.167 

Alloy C 
18CR-19Ni 

Unknown 
Pressure 
Air 
He 
H2 

 
 
330 (5%) 
- 
- 

 
 
610 
- 
- 

 
 
49 
- 
- 

 
 
58 
- 
- 

Type B  
(25.4) 

 
 
81 
82 
92 

[1]  
IVC-1 
[15] 
p.167 
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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 (D2) 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 D2/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 
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Effect of Grain Size 
 
Stainless steel 304L was heat treated to achieve various grain sizes ranging from 9.5 µm 
(as received) to 340 µm (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. 
 

 
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 α’-martensite at room temperature and to ε-martensite when the 
nickel content is increased (both α’-martensite and ε-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/RAair or RAH2/RAHe, where 
RAH2, RAair, 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.%. 
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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 Jm 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.  
 
 

  
 

(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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Figure 6  Notch orientation and the forging flow lines 
 
 

  
(a) Specimen Cross-section (SEM 500X) (b) Fracture surface (SEM 500X) 
 

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. 
 
 

 
 

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 IIC-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]. 
 
 

 
 

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] 
 
 

Alloy 

 
Jm1 

Tested in  
69 MPa He 

(kJ/m2) 

 
Jm1 

Tested in  
69 MPa H2 

(kJ/m2) 

Jm1 

Precharged 
in Deuterium 
and tested in 
69 MPa H2 

(kJ/m2) 

 
 
 

Remarks 

304L HERF 701 573 489 - 
316 HERF 792 880 - - 
316 WR2 312 268 - 1 orientation 
310S HERF 537 417 291 6J Forging 
21-6-9 HERF5 686 475 695 - 
21-6-9 HERF5  468 158 2 orientations 
21-6-9 CRP3 1409 1158 - Forging Step 7, 

2 orientations 
21-6-9 WR2 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 STA4 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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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 ½ 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 Jm 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. 
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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® 
Tenelon® (Ref.: Data Sheet IIA-3, Ref. [1], page 100) 
Test Specimen: SENT (Fig. 4b) 
Test Temperature 

(kelvin) 
Test 

Environment 
Specimen Condition Specimen 

Exposure 
Fracture Toughness 

( mMPa ) 

78 - As received - 68.6 
78 - Annealed 

1170 K 
- 36.5 

78 - Annealed 
1270 K 

- 71.4 

200 - As received - 127.8 
200 - Annealed 

1170 K 
- 99.6 

200 - Annealed 
1270 K 

- 120.5 

 
 
 
 

Table 12 Fracture toughness (K) for HERF Nitronic® 40 (21-6-9)  
Nitronic® 40 (Alloy 21-6-9) HERF (Ref.: Data Sheet IIB-10, Ref. [1], page 106) 
Test Specimen: C-specimen (Fig. 4a) 
Test Temperature 

(kelvin) 
Test 

Environment 
Specimen Condition Hydrogen 

Exposure 
Fracture Toughness 

( mMPa ) 

298 69 MPa He - None 79 
298 69 MPa H2 - none 81 
298 69 MPa H2 - 0.6 MPa H2 62 

Note: For independent test results for Jm, see Figure 9. 
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Table 13 Fracture toughness (K) for HERF A-286 
A-286 HERF (Ref.: Data Sheet IIIA-2, Ref. [1], page 114) 
Test Specimen: SENT (Fig. 4b) 
Test Temperature 

(kelvin) 
Test 

Environment 
Specimen Condition Hydrogen 

Exposure 
Fracture Toughness 

( mMPa ) 

298 69 MPa He Aged 4 hrs 990 K 
(Heat 1) 

none 76 

298 69 MPa H2 Aged 4 hrs 990 K 
(Heat 1) 

(ditto) 89 

298 69 MPa He Aged 8 hrs 990 K 
(Heat 1) 

none 71 

298 69 MPa H2 Aged 8 hrs 990 K 
(Heat 1) 

(ditto) 90 

298 69 MPa He Aged 16 hrs 990 K 
(Heat 1) 

none 81 

298 69 MPa H2 Aged 16 hrs 990 K 
(Heat 1) 

(ditto) 82 

298 69 MPa He Aged 8 hrs 990 K 
(Heat 2) 

none 93 

298 69 MPa H2 Aged 8 hrs 990 K 
(Heat 2) 

none 89 

298 69 MPa He Aged 8 hrs 990 K 
(Heat 2) 

1.6 MPa 
Deuterium 

88 

298 69 MPa H2 Aged 8 hrs 990 K 
(Heat 2) 

1.6 MPa 
Deuterium 

97 

298 69 MPa He HERF, not aged, 
Rc-11 

none 52 

298 69 MPa H2 HERF, not aged, 
Rc-11 

none 56 

298 69 MPa H2 HERF, not aged, 
Rc-11 

1.5 MPa 
Deuterium 

59 

298 69 MPa He Aged 8 hrs 990 K 
Rc-11 

none 93 

298 69 MPa H2 Aged 8 hrs 990 K 
Rc-11 

none 90 

298 69 MPa H2 Aged 8 hrs 990 K 
Rc-11 

1.5 MPa 
Deuterium 

97 
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Table 14 Fracture toughness (K) for HERF JBK-75 
JBK-75 HERF (Ref.: Data Sheet IIIB-2, Ref. [1], page 118) 
Test Specimen: C-specimen (Fig. 4a) 
Test Temperature 

(kelvin) 
Test 

Environment 
Specimen Condition Hydrogen 

Exposure 
Fracture Toughness 

( mMPa ) 

298 69 MPa He - none 80 
298 69 MPa H2 - none 80 
298 69 MPa H2  0.7 MPa 

Deuterium at 
625 K 

81 

 
 

Table 15 Fracture toughness (K) for17-4 PH 
17-4 PH (Ref.: Data Sheet IIIC-2, Ref. [1], page 119) 
Test Specimen: C-specimen (Fig. 4a) 
Test Temperature 

(kelvin) 
Test 

Environment 
Specimen Condition Hydrogen 

Exposure 
Fracture Toughness 

( mMPa ) 

- 69 MPa He Underaged1 - 104 
- 3.5 MPa H2 (ditto) - 31 
- 69 MPa H2 (ditto) - 20 
- 69 MPa He Peak aged2 - 97 
- 3.5 MPa H2 (ditto) - 29 
- 69 MPa H2 (ditto) - 13 
- 69 MPa He Overaged3 - - 
- 3.5 MPa H2 (ditto) - 57 
- 69 MPa H2 (ditto) - 34 
- 69 MPa He Solution annealed4 - 97 
- 3.5 MPa H2 (ditto) - 71 
- 69 MPa H2 (ditto) - 31 

Condition of Heat Treatments: 
1 Solution annealed 2 hours at 1339 K and aged at 709 K, Hardness Rc= 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 Rc= 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: 
 

• 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]. 

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

• 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). 

• 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). 

• 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 
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Nominal Alloy Composition (wt.%) 
 

 
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 108th Annual AIME Meeting, New Orleans, LA, Feb. 18-22, 1979. 

 
 

(see Note below) 
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Nominal Tensile Properties for Annealed Materials (unless otherwise noted) 
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Measured Mechanical Properties at Savannah River Laboratory 
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Note: Typographic errors were made on the original Data Sheet IIB-4 in Ref. [1].  The 
crosshead speeds (denoted by § above) should be 5 mm/min and 0.5 mm/min, 
respectively. 

 
§ 
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Appendix B 
 

Definitions of the Measured Properties in SRL data Sheets 
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Appendix C 
 

Mechanical Test Specimens 
 
 
 
 
 
 
 

C-1 to 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 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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