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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 API 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 use of this publication would not infringe upon privately owned rights.

API publications may be used by anyone desiring to do so. Every effort has been made by the Institute to assure the 
accuracy and reliability of the data contained in them; however, the Institute makes no representation, warranty, or 
guarantee in connection with this publication and hereby expressly disclaims any liability or responsibility for loss or 
damage resulting from its use or for the violation of any authorities having jurisdiction with which this publication may 
conflict.

API publications are published to facilitate the broad availability of proven, sound engineering and operating practices. 
These publications are not intended to obviate the need for applying sound engineering judgment regarding when and 
where these publications should be used. The formulation and publication of API publications is not intended in any 
way to inhibit anyone from using any other practices.

Any manufacturer marking equipment or materials in conformance with the marking requirements of an API standard 
is solely responsible for complying with all the applicable requirements of that standard. API does not represent, 
warrant, or guarantee that such products do in fact conform to the applicable API standard.

All rights reserved. No part of this work may be reproduced, translated, stored in a retrieval system, or transmitted by any 
means, 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 20001-5571.

Copyright © 2024 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.

The verbal forms used to express the provisions in this document are as follows.

Shall: As used in a standard, “shall” denotes a minimum requirement to conform to the standard.

Should: As used in a standard, “should” denotes a recommendation or that which is advised but not required to 
conform to the standard.

May: As used in a standard, “may” denotes a course of action permissible within the limits of a standard.

Can: As used in a standard, “can” denotes a statement of possibility or capability.

This document was produced under API standardization procedures that ensure appropriate notification and participation 
in the developmental process and is designated as an API standard. Questions concerning the interpretation of the 
content of this publication or comments and questions concerning the procedures under which this publication was 
developed should be directed in writing to the Director of Standards, American Petroleum Institute, 200 Massachusetts 
Avenue, Suite 1100, Washington, DC 20001. Requests for permission to reproduce or translate all or any part of the 
material published herein should also be addressed to the director.

Generally, API standards are reviewed and revised, reaffirmed, or withdrawn at least every five years. A one-time 
extension of up to two years may be added to this review cycle. Status of the publication can be ascertained from 
the API Standards Department, telephone (202) 682-8000. A catalog of API publications and materials is published 
annually by API, 200 Massachusetts Avenue, Suite 1100, Washington, DC 20001.

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

iii

Full document details: API TR 21D-2024

http://www.avadocuments.com/doc/api-tr-21d-2024
http://www.avadocuments.com/doc/api-tr-21d-2024


Full document details: API TR 21D-2024

http://www.avadocuments.com/doc/api-tr-21d-2024
http://www.avadocuments.com/doc/api-tr-21d-2024


Contents

Page

1	 Scope............................................................................................................................................................. 1

2	 Normative References................................................................................................................................... 1

3	 Terms, Definitions, and Abbreviations............................................................................................................ 1
3.1	 Terms and Definitions.................................................................................................................................... 1
3.2	 Abbreviations................................................................................................................................................. 1

4	 Test Plan........................................................................................................................................................ 2
4.1	 Test Protocols and Environment.................................................................................................................... 2
4.2	 Test Materials................................................................................................................................................. 3
4.3	 Specimen Preparation................................................................................................................................... 4
4.4	 Incremental Step Load Test Procedure......................................................................................................... 7

5	 Testing Results.............................................................................................................................................. 8
5.1	 Hardness Testing Results.............................................................................................................................. 8
5.2	 EHE Testing Results.................................................................................................................................... 12

6	 Discussion and Observations...................................................................................................................... 12
6.1	 Observations on Hardness Testing.............................................................................................................. 12
6.2	 Observations on Critical Stress Intensity..................................................................................................... 13
6.3	 Observations on Fracture Strength Ratios.................................................................................................. 13
6.4	 Consideration of Fracture Mechanics for HISC Susceptibility Assessment of Fasteners............................ 14
6.5	 Observations on Alloy 725–120k................................................................................................................. 17

7	 Conclusions and Recommendations........................................................................................................... 20
7.1	 Hardness Testing Conclusions..................................................................................................................... 20
7.2	 Fracture Toughness and ISL Conclusions................................................................................................... 20

Annex A (informative) Summary of Fracture Mechanics and Background of DTI and Hsr Equations...................... 22

Annex B (informative) Practical Application and Example Calculations of DTI and Hsr........................................... 27

Bibliography.............................................................................................................................................................. 31

Figures

1	 Example of Specimen Extraction Locations from Threaded Product............................................................ 5
2	 Example of the Thread Root and Thread Tip Microhardness Traverses Performed...................................... 6
3	 Smooth-sided Threaded Specimen (left) Versus a Side-groove Constrained Threaded Specimen (right) 

After Testing (25x Magnification).................................................................................................................... 7
4	 Image of a Full Side-groove Constrained Specimen After Testing (3x Magnification)................................... 7
5	 Example of CTOD Testing of SEN(B) Specimens to Determine Fracture Toughness of Material................. 8
6	 Vickers (HV) Microhardness Testing of Cut Threads for Each Alloy............................................................ 10
7	 Vickers (HV) Microhardness Testing of Rolled Threads for Each Alloy....................................................... 11
8	 Results of Stress Intensities for Base Alloys and for Cut and Rolled Threads............................................ 13
9	 Percentage FFS of Alloys Tested................................................................................................................. 14
10	 Comparison of the DTIρ-EHE Parameter for Each Alloy with Both Cut and Rolled Threads........................... 16

v

Full document details: API TR 21D-2024

http://www.avadocuments.com/doc/api-tr-21d-2024
http://www.avadocuments.com/doc/api-tr-21d-2024


Contents

Page

11	 Comparison of the Hsr Parameter for Each Alloy with Both Cut and Rolled Threads................................. 17
12	 Cross-section Microstructure of Alloy 725–120k (2020), Including Magnification of Rolled Threads.......... 18
13	 Cross-section Microstructure of Alloy 725–120k (2022), Including Magnification of Rolled Threads.......... 18
14	 Comparison of Microstructure at Center of Threaded Bar (T/2 Location) for Alloy 725–120k (2020) (top) 

and Alloy 725–120k (2022) (bottom)............................................................................................................ 19
A.1	 “ɑ” and “W” Dimensions for a Typical SEN(B) Specimen............................................................................ 23
B.1	 Thread Fracture Susceptibility (TFS) Diagram for a 12-UNR Threaded Fastener Under Simulated CP..... 30

Tables

1	 Mechanical Properties of Tested Materials.................................................................................................... 3
2	 Chemical Composition (wt. %) of Tested Materials........................................................................................ 4
3	 Average Vickers (HV) Microhardness Results for Cut and Rolled Threads................................................... 8
4	 Results of Fracture Toughness Testing of All Alloys with Both Cut and Rolled Threads.............................. 12
5	 Calculated DTI and Hsr Parameters for All Alloys with Both Cut and Rolled Threads................................. 15
6	 Chemical Composition Comparisons of 725–120k (2020) and 725–120k (2022)....................................... 20

vi

Full document details: API TR 21D-2024

http://www.avadocuments.com/doc/api-tr-21d-2024
http://www.avadocuments.com/doc/api-tr-21d-2024


Introduction

This study was completed in response to recommendations by API to investigate and quantify the relative hardness 
of threaded precipitation hardened nickel-based alloys (PHNAs), by both machined and cold rolled methods. This 
study also aligns with recommendations issued by the API Multi Segment Task Group on Bolting Failures (February 
29, 2016), where it was concluded that “Product subcommittees should review and consider … resolving existing 
conflicting properties specified in product specifications …”. The information in this technical report has not been 
readily available as existing public or industry data.

Industry specifications often require hardness testing of PHNAs used for bolting in their final process condition, i.e. 
after all heat treatments, secondary processing, and machining. Threads, however, can be cold rolled into the product, 
which is a form of secondary processing that cannot be routinely tested for material properties. Further, cold rolling is a 
form of strain hardening, which increases hardness in the affected area. This can result in conflicting requirements or 
industry specification interpretation differences of requirements, which can be problematic with respect to specification 
compliance.

Due to the general nature of hardness and microstructure impact on susceptibility of materials to hydrogen charging 
environments, additional hydrogen embrittlement incremental step load testing (i.e. a fracture mechanics-based 
approach) was also performed. Novel specimen geometries were used for accurate assessment of both machined 
and cold rolled threads, and the results compared with bulk material properties.

The PHNAs studied in this program were alloy 718–120k (UNS N07718), alloy 718–150k (UNS N07718), alloy 725–
120k (UNS N07725), and alloy 945–120k (UNS N09945). All materials tested were manufactured in compliance with 
API 6ACRA, 1st Edition.
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A Study of the Effect of Thread Forming on the Susceptibility of Precipitation 
Hardened Ni-Based Alloy Fasteners to Hydrogen Embrittlement

1	 Scope

This report quantifies the hardness profile of both machined and rolled threads in precipitation hardened nickel-
based alloys (PHNAs); studies the effects of both machined and rolled threads on hydrogen induced stress 
cracking (HISC) susceptibility in relevant PHNAs; tests these PHNA grades used for bolting per the requirements 
of API standards; and provides guidance for the use of the selected testing methodology and resultant test data 
in the petroleum and natural gas industry.

2	 Normative References

There are no referenced documents that are indispensable for the application of this document.

3	 Terms, Definitions, and Abbreviations

3.1	 Terms and Definitions

For the purposes of this document, the following terms and definitions apply.

3.1.1
damage tolerance index
DTI
A calculated parameter that uses fracture mechanics and mechanical properties to assess the critical defect size 
under a given stress intensity for a given material.

3.1.2
hydrogen susceptibility ratio
Hsr
A calculated parameter that uses applied stresses and mechanical properties to assess the magnitude of effect 
a specific thread or surface geometry has on the hydrogen embrittlement susceptibility of a given material.

3.1.3
KlC
The critical stress intensity under Mode I loading conditions at which the onset of crack growth begins.

NOTE	 See ASTM E399 for additional information.

3.2	 Abbreviations

For the purposes of this document, the following abbreviations apply.

CP	 cathodic protection

CT	 cut threads

CTOD	 crack tip opening displacement

CVN	 Charpy V-notched

DTI	 damage tolerance Index

DTIρ	 damage tolerance index of a given specimen with a threaded geometry (i.e. root radius) 
exposed to a given environment

EDM	 electric discharge machining

1

Full document details: API TR 21D-2024

http://www.avadocuments.com/doc/api-tr-21d-2024
http://www.avadocuments.com/doc/api-tr-21d-2024


EHE 	 external (or environmental) hydrogen embrittlement

FFS	 fast fracture strength

HE 	 hydrogen embrittlement

HISC	 hydrogen induced stress cracking

Hsr	 hydrogen susceptibility ratio

HV	 Vickers hardness scale

IHE 	 internal hydrogen embrittlement (during manufacturing process)

ISL 	 incremental step load test

KlC	 critical stress intensity under Mode I loading conditions at which the onset of crack 
growth begins

Klρ	 critical stress intensity under Mode I loading conditions of a given specimen with a 
threaded geometry (i.e. root radius)

MTR	 material test report

PEHE	 threshold load of a given specimen due to EHE

PMAX	 maximum attainable load of a given specimen before failure

PHNA	 precipitation hardened nickel-based alloy

SCE	 saturated calomel electrode

SEN(B)	 single-edge notched specimens, tested in bending

SG	 side groove

RT	 rolled threads

UTS	 ultimate tensile strength

YS	 yield strength

4	 Test Plan

4.1	 Test Protocols and Environment

Multiple lots of bolts made of materials as shown in Table 1 were submitted for testing to evaluate the effect of 
thread forming processes (cut vs. rolled) on hardness and bolting susceptibility to HISC due to EHE while in 
simulated service conditions. General assessment of the alloys consisted of the following:

a)	 Cross-section microhardness surveys were performed on specimens from each alloy and heat treatment 
condition, with both cut and rolled threads.

b)	 Fracture toughness values were measured for each alloy and heat treatment condition.

c)	 Threshold incremental step load cracking values in a 3.5 % NaCl solution with simulated CP were measured 
for each alloy and heat treatment condition, with both cut and rolled threads. Novel specimen geometry was 
determined such that an as-manufactured thread acted as the stressed notch.

All testing was performed on rigid, displacement-controlled four-point bend frames that were programmed to 
increase load incrementally in a stair-step pattern to vary the strain rate at the specimen notch between 10−4 and 
10−9 in/in/s (mm/mm/s).

Initial FFS and fracture toughness tests were performed in air to establish baseline values. Subsequent specimens 
subjected to EHE testing were immersed in an aqueous 3.5  % NaCl solution with an imposed potential of 
−1.2VSCE (roughly equivalent to −1.15VAg/AgCl-Seawater), which is more than typical subsea cathodic protection to 
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maintain a conservative approach. The potential was controlled with a reference electrode that was positioned 
with its tip within 1 in. (25.4 mm) of the specimen being tested. A length of platinum wire was used as an auxiliary 
electrode and positioned on the opposite end of the environmental chamber. All testing was performed at ambient 
temperature (75 °F/25 °C) and pressure (1 atm./101.3 kPa).

4.2	 Test Materials

The PHNAs studied in this program were 718–120k (UNS N07718), alloy 718–150k (UNS N07718), alloy 725–
120k (UNS N07725), and alloy 945–120k (UNS N09945), as identified per API 6ACRA. Upon receipt, hardness 
measurements were taken at the core of each bolt. The mechanical properties and chemical compositions of the 
bolts were compiled from the material test reports (MTRs) and are listed in Table 1 and Table 2, respectively. All 
materials were tested in the solution annealed and age hardened condition, and originally certified to API 6ACRA 
requirements.

Table 1—Mechanical Properties of Tested Materials

Material 
Designation

Heat 
ID

Bar 
Diameter 
in. (mm)

Yield  
Strength  
ksi (MPa)

Tensile 
Strength  
ksi (MPa)

Elongation 
(%)

Reduction 
of Area  

(%)

Average 
Hardnessa 

(HRC)

Average 
Grain 
Sizea

718–120k
1 2 (50.8) 138 (951.5) 185 (1275.5) 31 44 37 4
2 2 (50.8) 129 (889.4) 175 (1206.6) 31 46 37.6 4

718–150k
1 2 (50.8) 155.0 

(1068.7)
184.6 

(1272.8) 28 55 42.3 3.5

2 2 (50.8) 153.3 
(1056.9)

182.7 
(1259.7) 29 54 42.6 3.5

725–120k 
(2020)b

1 2 (50.8) 135 (930.8) 183 (1261.7) 31 49 40.6 3.7
2 2.25 (57.2) 132 (910.1) 180 (1241.1) 31 45 39.7 3.7

725–120k 
(2022)b

1 2 (50.8) 120.5 (830.8) 171.0 
(1179.0) 36 46 37.8 2.5

2 2 (50.8) 131.5 (906.7) 177.8 
(1225.9) 37 55 42 3.3

3 2 (50.8) 125.6 (866.0) 178.7 
(1232.1) 33 43 39.6 3

945–120k 1 1.4 (35.6) 130 (896.3) 165 (1137.6) 33 50 36.7 3.5
a	 Average hardness and average grain size are calculated from the cross-section hardness and grain size values reported on the 

original MTRs.
b	 Alloy 725–120k was tested in both 2020 and 2022. See 6.4.
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Table 2—Chemical Composition (wt. %) of Tested Materials

Material 718-120k 718-150k 725-120k (2020) 725-120k (2022) 945-
120k

Heat ID 1 2 1 2 1 2 1 2 3 1
C 0.016 0.024 0.012 0.014 0.014 0.014 0.007 0.005 0.007 0.013

Mn 0.08 0.06 0.09 0.08 0.05 0.10 0.04 0.03 0.04 0.06
Si 0.06 0.06 0.07 0.07 0.06 0.14 0.05a 0.05a 0.05a 0.08
P 0.009 0.008 0.007 0.008 0.003 0.006 0.005a 0.005a 0.005a 0.008
S 0.0005a 0.0005a 0.0004 0.0005 0.0005a 0.0005a 0.0005 0.0005 0.0005 0.001
Cr 18.3 18.4 17.89 17.65 21.0 21.1 21.78 21.58 21.64 20.7
Ni 52.9 52.8 53.8 54.9 57.6 58.0 57.39 58.10 57.56 47.1
Mo 2.90 2.95 2.96 3.02 8.01 8.05 8.14 7.55 8.08 3.22
Cu 0.06 0.05 0.05 0.07 0.02 0.05 0.02 0.07 0.02a 2.05
Co 0.36 0.31 0.32 0.38 0.02 0.08 0.05a 0.16 0.29 0.2
Sn 0.0011 0.0020 0.0010a 0.0015 0.0019 0.0018 0.0010a 0.0010a 0.0010a NRb

Al 0.50 0.50 0.46 0.50 0.19 0.17 0.29 0.26 0.27 0.19
Ti 0.98 0.97 0.96 0.94 1.24 1.28 1.51 1.58 1.50 1.6

Nb (Cb) 4.97 5.06 4.96 4.95 3.40 3.40 3.45 3.44 3.46 3.13
Ta 0.01 0.01a 0.020a 0.020a 0.01 0.01 0.020a 0.020a 0.020a 0.01a

Se 0.0003a 0.0003a 0.0003a 0.0003a 0.0003a 0.0003a 0.0004 0.0003a 0.0003a NRb

Mg 0.0041 0.0043 0.0015 0.0012 0.0011 0.018 0.0010 0.0013 0.0015 0.0008
B 0.0041 0.0037 0.0027 0.0029 0.0028 0.0025 0.0010a 0.0031 0.0010a 0.0016

Nb+Ta 4.98 5.06 4.98 4.97 3.41 3.41 3.47 3.46 3.48 3.1
Ni+Co NRb NRb NRb NRb NRb NRb NRb NRb NRb 47.4

Bi 0.00003a 0.00003a 0.00003a 0.00003a 0.00003a 0.00003a 0.00003a 0.00003a 0.00003a NRb

Ca 0.0002 0.0003 0.0003a 0.0003a 0.0010a 0.0010a 0.0003a 0.0002a 0.0002a NRb

Fe 18.38 18.55 18.31 17.36 8.13 7.54 7.22 7.17 7.08 21.76
Pb 0.0003a 0.0003a 0.0003a 0.0003a 0.0003a 0.0003a 0.0003a 0.0003a 0.0003a NRb

N 0.0061 0.0085 0.005 0.005 NRb NRb NRb NRb NRb 0.0054
O 0.001a 0.001a 0.0004 0.0003 NRb NRb NRb NRb NRb 0.0007

a	 The value listed is the lowest resolvable limit by testing equipment on original MTR; the actual value is lower than what is shown.
b	 NR indicates “not reported” on MTR.

4.3	 Specimen Preparation

4.3.1	 Threading Details

Threading was performed on all materials in the solution annealed and age hardened condition to ensure the 
highest thread hardness possible and maintain test conservatism. Both roll thread and cut thread samples were 
manufactured so as to achieve a UNR thread form (in compliance with ASME B1.1) for each nominal bar diameter 
shown in Table 1. A UNR-2A thread form was selected because it is a common thread geometry for pressure-
containing and closure bolting in the petroleum and natural gas industry and further establishes a notch-type 
geometry. Discreet bolting samples from each material were separately roll threaded and cut threaded. Roll 
threading was performed in a single pass on a two-roll thread rolling machine using a thru-feed process. Cut 
threading was performed on a single-point CNC lathe. Post-threading dimensional inspection was performed 
in compliance with ASME B1.3 (System 21). Additional inspection included both visual examination and liquid 
penetrant testing to confirm that no thread root indications were present before specimens were extracted.
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4.3.2	 Specimen Extraction Plan

From each of the full-sized bolts, a minimum of three modified ASTM F519 type 1e Charpy-sized specimens at 
0.4 in. x 0.4 in. x 2.25 in. (10 mm x 10 mm x 55 mm) were removed from the outer diameter (see Figure 1) to 
determine the effective threshold stress intensity of the material with a given thread geometry. In the center of 
each specimen’s gauge section, a 0.75 in. (19 mm) section of threads was left intact. The remaining threads on 
either side of the gauge length were machined such that a flat, square cross-section was achieved.

Figure 1—Example of Specimen Extraction Locations from Threaded Product

Additionally, from the center of each bolt (see Figure 1), a final 0.4 in. x 0.4 in. x 2.25 in. (10 mm x 10 mm x 55 
mm) specimen was removed with a 0.1” (2.54 mm) deep EDM slot in its center to measure CTOD as an estimate 
of fracture toughness. These specimens were fatigue pre-cracked to a thickness ratio, a/W, of ~0.50 prior to 
being tested in accordance with ASTM E1290.

Vickers microhardness testing was performed in accordance with ASTM E384. For alloys 718–120k and 718–
150k, the microhardness profiles were performed on polished cross-sections with a consistent spacing of 0.008 
in. (200 microns) between each measurement until mid-radius. For alloys 725–120k and 945–120k, 0.008-in. 
(200-micron) spacing was maintained until a depth of 0.31 in. (8 mm), and then increased to 0.016 in. (400 
microns) until mid-radius, as seen in Figure 2. All microhardness tests were performed using a 500-g load. 
Hardness testing was not performed on alloy 725–120k from 2020.
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