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Special Notes

API publications necessarily address problems of a general nature. With respect to particular
circumstances, local, state, and federal laws and regulations should be reviewed. The use of API
publications is voluntary. In some cases, third parties or authorities having jurisdiction may choose to
incorporate API standards by reference and may mandate compliance.

Neither APl nor any of API's employees, subcontractors, consultants, committees, or other assignees
make any warranty or representation, either express or implied, with respect to the accuracy,
completeness, or usefulness of the information contained herein, or assume any liability or responsibility
for any use, or the results of such use, of any information or process disclosed in this publication. Neither
API nor any of API's employees, subcontractors, consultants, or other assignees represent that u-e of
this publication would not infringe upon privately owned rights.

Users of this standard should not rely exclusively on the information contained in this dc~umi>nt’ Sound
business, scientific, engineering, and safety judgment should be used in employing th.. information
contained herein.

API is not undertaking to meet the duties of employers, manufacturers, or suppliei > to warn and properly
train and equip their employees, and others exposed, concerning health and sai ty risks‘and precautions,
nor undertaking their obligations to comply with authorities having jurisdic. 0.

API publications may be used by anyone desiring to do so. Every ~ffoit has been made by the Institute to
ensure the accuracy and reliability of the data contained in ther.: :2wever, the Institute makes no
representation, warranty, or guarantee in connection with this prvoncaticn and hereby expressly disclaims
any liability or responsibility for loss or damage resulting from.its 'se or for the violation of any authorities
having jurisdiction with which this publication may conflict.

API publications are published to facilitate the broac aviilability of proven, sound engineering and
operating practices. These publications are not intenaed to obviate the need for applying sound
engineering judgment regarding when and wherc these publications should be utilized. The formulation
and publication of API publications is not inte'.de in ‘any way to inhibit anyone from using any other
practices.

Any manufacturer marking equipment ar i 2a*zrials in conformance with the marking requirements of an
API standard is solely responsible for coi.»nlying with all the applicable requirements of that standard. API
does not represent, warrant, or qucrantee that such products do in fact conform to the applicable API
standard.

Al rights reserved. No part of this work may be reproduced, translated, stored in a retrieval system, or transmitted by any
.neans, electronic, mechanical, photocopying, recording, or otherwise, without prior written permission from the publisher.
Contact the publisher, API Publishing Services, 200 Massachusetts Avenue, NW, Suite 1100, Washington, DC 20001.

Copyright © 2025 American Petroleum Institute
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Foreword

Nothing contained in any API publication is to be construed as granting any right, by implication or
otherwise, for the manufacture, sale, or use of any method, apparatus, or product covered by letters
patent. Neither should anything contained in the publication be construed as insuring anyone against
liability for infringement of letters patent.

Suggested revisions are invited and should be submitted to the Standards Department, API, 200
Massachusetts Avenue NW, Suite 1100, Washington, DC 20001, standards@api.org.


https://www.stdhive.com/standards/api-tr-21c2025-pdf/

Contents

Page
IR T o - 1
11 1671 1= - | 1
2 NOrmative RefEreNCES ......ccoi ittt e mn e e 1
3 Terms, Definitions, Acronyms, and Abbreviations .........cccccccccciiiiiiniccccscrr e 1
S = 2 Ve (e | o] U1 4 T 3
4.1 L €T =Y s =Y - | O 3
4.2 TESt Program.......ccccccciiiiiiiinissnnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssnns iosnns .3
5 Summary of Testing Program ReSUILS ........cccceriiiicciicmiiiiiisssccsscrenr e snsssssssens e ss s sssmsnse e eess nnns Deeeas 5
51 (6.7 4 =T o T 5
5.2 SSR RESUILS ... s e mnn e e e s s e s mmnne e e e e se | nmmnneesessnaan 5
5.3 Ll == U L N 1
54 Hz Permeation RESUILS ... e s ssmereeseessennnns 16
ST T = o1 L=2= (o o Y TR W 20
6.1 (7= 1= - | PG, O 20
6.2 Comparison of Materials...........cccccmriiiicciiernenn s veee eeerereresesssssneeeeeeeeesasannn 20
6.3 Influence of Loading Parameters...........ccccccieiiiiiccciscciineinissccsscseensens Ssssesssssssssssssssssesssssssssnnnes 22
6.4  SUMMANY ....eeeeiiiiiiiiccccecreeerrssssssssmsee e s esssssssssmssessssssssssssmenenssas | ass seeesssssssssssnssssssssasssssannnsenessnssssnnnnes 24
Annex A (informative) Experimental Details for APl Material T<sting in H2 from Lab A ................... 25
Annex B (informatie) Experimental Details for APl Matcriai Testiigin H2 from Lab B ..................... 33
Figures
1(a) Stress-strain Curves for 4140-110 SSR........ccccciiiiiirinii s ————— 6
1(b) Secondary Cracking Seen in Gauge S2ci'on ¢f 4140-110 H2 SSR Specimen ........ccccceriinennnne 6
2 SEM Photomicrographs of the SSR Sanp.e for 4140-110 Steel Tested in Inert....................... 7
3 SEM Photomicrographs of the SsP Sample for 4140-110 Steel Tested in 100-Bara H............ 8
4 Stress-strain Curves of Alloy 716 120 SSR......iiiii s ssssr s mnee e e e snnnn 9
5 SEM Photomicrographs of ti e SSR Sample for Alloy 718-120 Tested in Inert....................... 10
6 SEM Photomicrographs ot >« SSR Sample for Alloy 718-120 Tested in 100-Bara H............ 1
7 Load vs. CMOD for 41:'°-170 in Inert and Hzfrom Lab A..........ceree e 12
8 Load vs. CMOD for 1140-110 in Hz from Lab B.........iii e s 13
9 Comparing FT ot 4140110 in 100-Bara Hz vs. K Rate........cccccccmiiiiinnnes e 14
10 J-R Curves for +'l1o/ 718-120 in Inert and Hzfrom Lab A..........cccconiiiiinniinnnnseeses e 14
11 J-R Curveofor Alley 718-120 in Hzfrom Lab B.......ooeiiiieiinte s 15
12 FT Resuis as Function of K Rates for Alloy 718-120 in 100-Bara Ha.......ccccceeviccceeeennecnccenne 16
13 The Flu.: Transient as a Function of Time for the Test in 3.5% NaCl Solution at pH 8.2 ....... 17
14 Cu rent vs. Time Measured in the H2 Flux Test with 4140-110 Steel in 100-Bara H;............... 18
15 Fiox Transient Measured in the Experiment (Symbols) and Theoretical Value (Red Curve)
Zom)arison for the Hz Flux Test with 4140-110 Steel in 100-Bara Ha...ccooveveccneeereennniccccneeenns 18
3 Measured H; Flux as a Function of Time for 4140-110 Steel Under 100-Bara H,.................... 19
17 H2 Permeation Measurements for the Alloy 718-120 ...........coccriiiimmrinnimenrr e 20
14 Comparison of the SSR Performances in 100-bara Hz at RT ........cccoiiiiiiiiiiiceeeeee 21
19 Comparison of the Ky, Values of the Two Alloys Tested in 100-bara Hz at RT..........ccccceeenneee 22
20 Crack Growth Rate under Constant K Conditions (K=49.5 MPa.m"?) for Alloy 718-120........ 22

21 Crack Growth Rate under Constant K Conditions (K=60.5 MPa.m"?) for Alloy 718-120........ 23


https://www.stdhive.com/standards/api-tr-21c2025-pdf/

22 Effect of K Rate on the Ki, Behavior of Alloy 718-120 in 100-bara Hz at RT .........ccccvcieeeiiinnes 23

A1 Schematic of the Button Head SSR Sample..........coo e 25
A.2 Schematic of the FT C(T) Specimens (Ref: ASTM E1820).........ccccvnrummmmnisnmmmnnnsnsnnnssss s, 26
A.3 Dimensions of the Hz Permeation Sample ... e snee e 27
A.4 Test Setup Showing the Test Frame, Autoclave, and the Gas Cylinders..........cccccccvcerrerrnne. 29
A.5  Hz Flux Experimental SetUpP........cccccicmiimiiiiiccsieerrerissssssssssss s s s sssssssssss s s s s ssssssssssss s nssssssssnssnssssssnnnen 30
B.1  SSR Specimen GEOMERIY.......ccccciiiiiiiiiceiiririisssssssseessrssss s s sssssn s e e s ssssssssms e e e e eesasssssnmsnesssssansssnnnsnnnens 34
B.2 C(T) Specimen Geometry for Baseline Air FT ......ooiiiiccicmmiiniisccssseess e s sssssssssse s s esssssssssssseses 34
B.3 C(T) Specimen Geometry for FT Tests in H2 Environment...........ccccociimnniiinnnninnsennnnnenn, 35
B.4 Schematic of Sample Used for H2 Permeation Studies ........ccccooiiiciiiiniccccce e, 35
B.5 High-pressure Permeation Apparatus.............cccooiiiiiiiiiciismnens s ssmss e e .38
Tables

1 Description of Materials Used for Testing ........ccccuvimmminiimminnins e e 4
2 Chemical Composition (W%) .....cceiiiiirniiiiriirr s s 4
3 Mechanical Properties of the Material Grades .........cccccoiiiiiiiiiiicnnnnnnnnd W 4
4(a) SSR Testing Results for 4140-110 .........cccccmmrnrimmminnimn e S A 6
4(b) SSR Ratios fOr 4140-110 ......ccciececiriiccrrrrscsrerssssmeesssssmresssssmresssssnes el smees bsmeesssssnessssssnesssssnnesssssnnens 7
5(a) SSR Testing Results for Aoy 718-120.........cccoiccceiremmmmriisssssserrrrrrnes o irrrrrssssssssmsreesesssssssssnssesees 9
5(b) SR Ratios for AlIoy 718-120.......ccccceiiiiciismrrrrrrisssssssmererseesil sne ereressssssssssssesesssssssssnsseessssssssssnnssnsens 9
6 Summary of FT Results for 4140-110 ........ccooiiiiiiiiiiiiiiecciees ) e ierre s e sme s smmn e 13
7 Summary of FT Results for Alloy 718-120..........c.c.imoes| oo 15
A.1  Dimensions and Mechanical Properties of Supp.ied Mawci1als ......ccccerrireiiricierrrncsere e 25
N I Y= B 1T 1 G 27

B.1  Material Forms and Tensile Properties from M ater al Testing Reports Provided by API ...... 33


https://www.stdhive.com/standards/api-tr-21c2025-pdf/



https://www.stdhive.com/standards/api-tr-21c2025-pdf/

Evaluating Metallic Material Performance in High-pressure
Hydrogen Gas

1 Scope
1.1 General

Understanding the fracture behavior of metallic materials in high-pressure Hz environments can Ye vseful
for selection of materials in underground H: storage. Currently, there are sparse cata on acture
mechanics of metallic materials typically used in oil and gas well construction when suhjec. to high-
pressure Hz gas environments. This test program is an effort to generate data to provide some insight into
testing procedures and material behavior, which over time could help the industry ‘'n evaluation and
selection of materials in such service.

2 Normative References

There are no normative references in the document.

3 Acronyms, Abbreviations, and Symbols

o stress

Ktn threshold stress intensity factor
CMOD crack mouth opening displacement
COD crack opening displacement

c(T) compact tension

DCPD  direct current potelitia, 4rup

EDM electrical dist yarg » machining

El elonga’ior,

FCGR fatigue crack growth rate

FT n< cture toughness
r. hydrogen
k20 water

H2S hydrogen sulfide
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