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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.

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 utilized. 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.

Users of this technical report should not rely exclusively on the information contained in this document. Sound
business, scientific, engineering, and safety judgment should be used in employing the information contained
herein.

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, 1220 L Street, NW, Washington, DC 20005.

Copyright © 2017 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.

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, 1220 L Street, NW, Washington, DC 20005. 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, 1220 L Street, NW, Washington, DC 20005.

Suggested revisions are invited and should be submitted to the Standards Department, API, 1220 L Street, NW,
Washington, DC 20005, standards@api.org.
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EXECUTIVE SUMMARY 

A literature review demonstrates the need for an improved laboratory database, as well as basic 
understanding, to quantitatively characterize the hydrogen-assisted cracking (HAC) resistance of modern 
2¼Cr-1Mo-¼V base plate, weld metal, and the weld heat-affected zone. The objectives of this API-sponsored 
research are to: (a) quantitatively characterize the internal hydrogen-assisted cracking (IHAC) resistance of 
modern 2¼Cr-1Mo-¼V steel, in both base metal and weld metal product forms and including the effect of 
stressing temperature, (b) scope the hydrogen environment assisted cracking (HEAC) resistance of 
2¼Cr-1Mo-¼V base metal, (c) understand the mechanism(s) for the IHAC and HEAC behaviors of Cr-Mo and 
Cr-Mo-V steels, centered on hydrogen (H) interactions with microstructure-scale trap sites, and (d) assess 
application of data and understanding of IHAC and HEAC to determine the role of subcritical H-assisted 
cracking on a minimum pressurization temperature (MPT) estimate relevant to thick-wall hydrotreating reactor 
vessels.  

This work focused on slow-stable subcritical H cracking and did not examine the effect of H on the fracture 
toughness for unstable cracking. The temperature dependencies of IHAC of 2¼Cr-1Mo-0.3V base plate and 
weld metal were characterized using slow-rising displacement loading and elastic-plastic fracture mechanics 
analysis of crack growth measured through direct current potential difference (DCPD). This test method 
provides a conservative measure of susceptibility of alloy steels to HAC. 

Specific conclusions of this research are as follows. 

1) Compared to conventional 2¼Cr-1Mo steel, and consistent with the literature, the solubility of H dissolved 
in 2¼Cr-1Mo-0.3V base and weld metals increases two-fold due to VC precipitate trapping of H and when 
exposed to high-pressure H2 at elevated temperature relevant to thick-wall reactor applications. Consistent 
with the reversible nature of H trapping at precipitate interfaces, the diffusivity of H in 2¼Cr-1Mo-0.3V 
decreases by about 100 times compared to H mobility in conventional 2¼Cr-1Mo steel. 

2) Without predissolved H, the fracture resistance of high-purity (step-cooled) 2¼Cr-1Mo-0.3V base and weld 
metals is high at 25 °C and 100 °C, characteristic of upper shelf behavior and a fracture appearance 
transition temperature (FATT) well below room temperature. 

3) Quantitative characterization of IHAC and HEAC in low- to moderate-strength steels is challenged by 
substantial crack tip plasticity. For 2¼Cr-1Mo-0.3V, the DCPD method, coupled with J-integral 
elastic-plastic fracture mechanics, effectively characterizes slow-stable H-assisted crack growth during 
slow-rising stress intensity factor loading. Measurement of the threshold for such cracking, KIH, and the 
associated crack growth resistance curve as KJ vs ∆a, are demonstrated to be conservative when based 
on DCPD vs crack mouth opening displacement (CMOD) analysis, rather than DCPD vs elastic-plastic J. A 
validated test protocol is now available at a commercial testing laboratory for use in fitness-for-service and 
MPT analyses where reactor-steel-specific H cracking properties are required. 

4) Cr-Mo-V base and weld metals containing a high concentration of predissolved H, CH-Total of 6 wppm to 
11 wppm from elevated temperature exposure in high-pressure H2, significantly resist slow-stable IHAC 
compared to susceptible low-FATT (high-purity) Cr-Mo steel. Nonetheless, 2¼Cr-1Mo-0.3V is susceptible 
to slow-stable IHAC propagation for severe slow-rising displacement loading in moist air (see Figure 36). 

5) 2¼Cr-1Mo-0.3V base metal (BM) and weld metal (WM) compact tension [C(T)] specimens exhibit stable 
crack extension that yields a rising R-curve, without evidence of the onset of H-stimulated premature fast 
fracture at K levels below KJIC for H-free specimens. No evidence was obtained to demonstrate that H 
promotes premature fast fracture in these V-modified steels for the dissolved H concentration, loading rate, 
and temperatures examined. These results suggest that the H-stimulated fast fracture mechanism may not 
be operative in V-modified steel with a low FATT. This form of H degradation was reported in the literature 
to occur in Cr-Mo steel. 
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Figure 36—Crack growth resistance curves, plotted as the elastic-plastic stress intensity factor vs 
crack extension from DCPD, for H-precharged 2¼Cr-1Mo-0.3V base metal stressed under slow-rising 

K at 26 °C. Values of the 0.2 mm offset KJIH and KJIC are indicated by “X” on each resistance curve. 

6) 2¼Cr-1Mo-0.27V weld metal is more susceptible to IHAC than 2¼Cr-1Mo-0.30V base metal, with the 
potential for variability in KIH and KJ–∆a (see Figure 81, as well as Figures 82 and 83). 

 

Figure 81—The loading rate dependence of KIH for IHAC in 2¼Cr-1Mo-0.3V BM at 26 °C compared to 
values measured for 2¼Cr-1Mo BM and WM at 23 °C to 26 °C using the conservatively aggressive 

slow-rising K test method [2,4,5]. The conditions for the Cr-Mo steel experiments are reported in 
Bibliographic Item [2]. The dK/dt is the value of elastic K increase up to KIH, above which this rate 

rises due to the onset of stable crack growth and/or plasticity. 




