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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 APl 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 ensure 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. APl 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 © 2022 American Petroleum Institute Doc um ents
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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.

Thisdocumentwas produced under APl standardization procedures thatensure 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, NW, 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, NW, Suite 1100, Washington, DC 20001.

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.
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Introduction

This document is intended as a best practice report to be used by manufacturers, in conjunction with APl RP 934-A,
when constructing new heavy wall pressure vessels with vanadium-modified Cr-Mo steels intended for service in
petroleum refining, petrochemical, or chemical facilities. These materials are primarily used in high temperature, high
pressure services which contain hydrogen.

The document provides typical practices to be followed during fabrication based upon experience and the knowledge
gained from actual problems that have occurred during the fabrication of vanadium-modified Cr-Mo steels.
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Background

The use of chrome-molybdenum steel vessels in hydrogen service can be traced back to the mid-1920s in Germany
where they were used for reactors in high pressure hydrogenation plants. These vessels were fabricated from 2.25 %
to 3.8 % chrome-molybdenum alloys operating in the pressure range of 28 to 70 MPa (4000 to 10,000 psi) !"l. These
steels are now referred to as the “First Generation” technology and were in use until the mid-1960s. The steels have
evolved with significant improvements in each generation that can be summarized as follows.

Second Generation (Mid-1960s to 1970s) was the birth of modern hydroprocessing reactors manufactured from
heavy wall 2'/,Cr-1Mo alloys with improved toughness (54 Joules at 10 °C [40 ft-Ibs at 50 °F]), but with no particular
temper embrittlement controls.

Third Generation (1970s to 1980s) added J-factor limit of 180 to control temper embrittlement and developed improved
toughness to 54 Joules at—18 °C (40 ft-lbs at 0 °F). Also, began step cooling tests with varying criteria, and precautions
against weld overlay disbondment.

Fourth Generation (1980s to 1990s) improved temper embrittlement control by lowering J-factor limit to 100 and
achieving better results after step cooling. This generation also had toughness improvements to 54 Joules at -32 °C
(40 ft-lbs at —25 °F).

Fifth Generation (1990s to present) grades @ of conventional 2%4Cr-1Mo steels have a 54-Joule (40 ft-Ib) transition
temperature typically lower than —40 °C (—40 °F), and even lower for conventional 3Cr-1Mo steels. Vanadium-
modified Cr-Mo steels with 2'/, % and 3 % Cr were introduced for service with higher strength levels and increased
hydrogen attack resistance. These grades achieved a 54 Joule (40 ft-Ib) transition temperature typically around —29 °C
(=20 °F). The vanadium-modified steels also offered enhanced creep rupture properties, lower temper embrittlement
susceptibility, and a much lower susceptibility to hydrogen disbonding of weld overlay compared with conventional
Cr-Mo steels.

As of 2019, more than 1100 hundred vanadium-modified reactors and separators have been fabricated by 21
experienced manufacturers around the world with more under construction 0.
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Fabrication Considerations for Vanadium-Modified Cr-Mo Steel Heavy Wall
Pressure Vessels

1 Scope

This best practice report complements APl RP 934-A and specifies additional fabrication considerations that
should be observed when constructing a new heavy wall pressure vessel using vanadium-modified Cr-Mo
materials intended for hydrogen service at elevated temperature and pressure. It applies to vessels that are
designed, fabricated, certified, and documented in accordance with ASME Boiler and Pressure Vessel Code
(BPVC), Section VIII, Division 2, including paragraph 3.4 of the ASME Code, Supplemental Requirements for
Cr-Mo Steels and former ASME Code Case 2151, as applicable (or equivalent international codes).

Nominal material chemical compositions covered by this report are the vanadium-modified steels including

2'/,Cr-1Mo -2'/,V, 3Cr- 1Mo-"/ V-Ti-B, and 3Cr-1Mo-'/,V-Nb-Ca steels. The interior surfaces of these vessels
may have an austenitic stainless steel cladding or weld overlay to provide additional corrosion resistance.

2 Normative References

The following referenced documents are indispensable for the application of this document. For dated references,
only the edition cited applies. For undated references, the latest edition of the referenced document (including
any amendments) applies.

API Recommended Practice 582, Welding Guidelines for the Chemical, Oil, and Gas Industries

APl Recommended Practice 934-A, Materials and Fabrication of 2'/,Cr-1Mo, 2'/,Cr-1Mo -2'/,V, 3Cr-1Mo, & 3Cr-
1Mo-'/,V Steel Heavy-Wall Pressure Vessels for High-Temperature, High-Pressure Hydrogen Service

APl Recommended Practice 941, Steels for Hydrogen Service at Elevated Temperatures and Pressures in
Petroleum Refineries and Petrochemical Plants

ASME. Boiler and Pressure Vessel Code," Section Il, Materials, Part A, Ferrous Material Specifications

ASME .Boiler and Pressure Vessel Code, Section Il, Materials, Part C, Specifications for Welding Rods,
Electrodes and Filler Metals

ASME. Boiler and Pressure Vessel Code, Section I, Materials, Part D, Properties

ASME. Boiler and Pressure Vessel Code, Section VIII, Div. 2 Rules for Construction of Pressure Vessels —
Alternate Rules

ASME SA-20, Specification for General Requirements for Steel Plates for Pressure Vessels

ASME SA-182, Specification for Forged or Rolled Alloy Steel Pipe Flanges, Forged Fittings, and Valves and
Parts for High-Temperature Service

ASME SA-335, Specification for Seamless Ferritic Alloy-Steel Pipe for High-Temperature Service
ASME SA-336, Specification for Alloy Steel Forgings for Pressure and High-Temperature Parts

ASME SA-369, Specification for Carbon and Ferritic Alloy Steel Forged and Bored Pipe for High Temperature
Service

ASME SA-387, Specification for Pressure Vessel Plates, Alloy Steel, Chromium-Molybdenum

' ASME International, 3 Park Avenue, New York, New York 10016-5990, www.asme.org. Documents
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ASME SA-435, Specification for Straight-Beam Ultrasonic Examination of Steel Plates

ASME SA-508, Specification for Quenched and Tempered Vacuum-Treated Carbon and Alloy Steel Forgings for
Pressure Vessels

ASME SA-541, Specification for Quenched and Tempered Carbon and Alloy Steel Forgings for Pressure Vessel
Components

ASME SA-542, Specification for Pressure Vessel Plates, Alloy Steel, Quenched-and-Tempered, Chromium-
Molybdenum, and Chromium-Molybdenum-Vanadium

ASME SA-578, Specification for Straight-Beam Ultrasonic Examination of Plain and Clad Steel Plates for Special
Applications

ASME SA-832, Specification for Pressure Vessel Plates, Alloy Steel, Chromium-Molybdenum-Vanadium
3 Terms, Definitions, Abbreviations, and Acronyms

3.1 Definitions

For the purpose of this technical report, the following definitions apply. Note that some of these definitions are
also given in APl RP 934-A and if there are any variations, the APl RP 934-A definitions should be considered the
industry standard. The definitions are repeated here for reader convenience.

3.141

advanced Cr-Mo steels

A CrMo steel grade (typically quenched and tempered) that has had its strength level enhanced by vanadium and
possibly other alloying additions (most common are 2'/,Cr-1Mo-"/,V, 3Cr-1Mo-"/ V-Ti-B, and 3Cr-1Mo-'/,V-Cb-Ca
steels, with no vanadium additions).

Table 1 shows the specific grades within the scope of this document that are included in this definition. There are
other advanced Cr-Mo grades that have their strength level enhanced by thermal processing, but they are not
included in the scope of this document.

3.1.2
ASME Code
ASME Boiler and Pressure Vessel Code, Section VIII, Division 2, including applicable addenda and Code Cases.

3.1.3

purchaser

The firm or organization acting for and on behalf of the owner, who will issue the purchase order to design and
fabricate the pressure vessels.

314

conventional Cr-Mo steels

A Cr-Mo steel (typically quenched and tempered) that has not had its strength level enhanced by the addition of
carbide-forming elements (e.g. vanadium, titanium) or advanced thermal processing.

315
final PWHT
The last postweld heat treatment after fabrication of the vessel and prior to placing the vessel in service.

3.1.6
hot forming
Mechanical forming of vessel components above the final PWHT temperature (but typically >900 °C [>1650 °F]

for these alloys). Documents
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3.1.7

Larson-Miller Parameter

Parametric relationship proportional to the aggregate heat treatment temperature(s) and duration(s). LMP can
be used to assess the effect of individual or multiple heat treatment(s) on a specific material property such as
strength or toughness. LMP is employed to evaluate cumulative effects from exposures to varying temperatures
during fabrication, including tempering and PWHT, as shown by the equation below.

LMP = T(20 + logt) (1)
where

T is temperature in degrees Kelvin (K);

t is time in hours (hr).
3.1.8
manufacturer
The successful bidder, firm or organization receiving the purchase order to design and fabricate the pressure
vessel.
3.1.9

maximum PWHT

Specified heat treatment (aggregate temperature and time) of test coupons used to simulate the maximum
heat treatment exposures on the vessel alloy. Prior to heat treatment, coupons shall be representative of the
as- supplied material (i.e. having the same austenitizing and tempering heat treatment). By definition, maximum
PWHT includes all fabrication heat treatments above 900 °F (482 °C), e.g. intermediate stress relief (ISR), all
PWHT cycles, a PWHT cycle for possible shop repairs, and a minimum of one extra PWHT for possible future
use by purchaser. Typically, the ISR and PWHT cycles are aggregated into one single equivalent heat treatment
that approximates the sum total effects of time and temperature. Methods to account for the aggregate effects
on mechanical properties are discussed in the note below. DHT do not need to be included, as they are at
temperatures too low to affect material properties.

NOTE To determine the equivalent time at one temperature (within the PWHT range) of heating steps that have
temperatures outside the PWHT range, the Larson-Miller Parameter formula (or Hollomon-Jaffe Parameter) may be used;
results should be agreed upon by purchaser and manufacturer. At the time of any future repairs, it is the purchaser's
responsibility to determine any changes in properties that may have occurred from high-temperature service, and the affects
that any repair welding and PWHT will have on the vessel.

3.1.10

minimum PWHT

Specified heat treatment (aggregate temperature and time) of test coupons used to simulate the minimum heat
treatment exposures on the vessel alloy. Prior to heat treatment, coupons shall be representative of the as-
supplied material (i.e. having the same austenitizing and tempering heat treatment). By definition, minimum
PWHT includes only the minimum of all fabrication heat treatments above 900 °F (482 °C), e.g. ISR (if any), and
one PWHT cycle. Typically, the ISR and PWHT cycles are aggregated into one single equivalent heat treatment
that approximates the sum total effects of time and temperature. Methods to account for the aggregate effects on
mechanical properties are discussed in the note below.

NOTE To determine the equivalent time at one temperature (within the PWHT range) of heating steps that have
temperatures outside the PWHT range, the Larson-Miller Parameter formula (or Hollomon-Jaffe Parameter) may be used;
results should be agreed upon by purchaser and manufacturer.

3.1.1

owner
The firm or organization that will own and operate the pressure vessel or their designated representative.
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3.1.12

step cooling heat treatment

Specified heat treatment of test specimens used to simulate and accelerate embrittlement for the purpose of
evaluating the potential for temper embrittlement of alloy steels in high-temperature service.

3.1.13

sub-supplier

The firm or organization, acceptable to the purchaser, which supplies materials or services, or both, to the
manufacturer in conjunction with design or fabrication of the pressure vessel.

3.2 Abbreviations and Acronyms

For the purpose of this technical report, the following abbreviations and acronyms apply.

BPVC Boiler Pressure Vessel and Code
FN Ferrite Number

HAZ heat-affected zone

HBW Brinell hardness with tungsten carbide indenter
HV Vickers hardness

ISR intermediate stress relief

ITP inspection and test plan

MDMT minimum design metal temperature
MT magnetic particle testing

MTR material test report

NDE nondestructive examination

PQR procedure qualification record

PT dye penetrant testing

PWHT postweld heat treatment

RT radiographic testing

uT ultrasonic testing

WPS welding procedure specification

4 Design and Fabrication

41 Background

Vanadium-modified 2'/,Cr-1Mo and 3Cr-1Mo alloys used for the fabrication of heavy wall pressure vessels offer
definite advantages over conventional Cr-Mo alloys. The advantages include increased resistance to hydrogen
attack, a lower susceptibility to hydrogen embrittlement, increased resistance to weld overlay disbonding, and
higher strength providing thinner and lighter vessels. The vanadium-modified alloys are almost always supplied
in the quenched and tempered condition and the appropriate heat treatment is chosen by the manufacturer to
meet the required mechanical properties; tempering temperature may be below, at, or above the final postweld
heat treatment (PWHT) temperature 1. Both the conventional and vanadium-modified Cr-Mo steels are usually
specified to be vacuum degassed with low tramp element levels.

The vanadium-modified alloys with improved properties have some less desirable fabrication considerations.
The materials tend to exhibit characteristics such as higher hardenability, which results in higher hardness
in all areas around welds (weld, base metal, and heat affected zone), and the requirement for higher PWHT
temperatures. The vanadium-modified alloys are also known for reduced notch toughness.at lower ments
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in the as-welded condition, and thus per APl RP 934-A they require intermediate stress relieve (ISR) rather
than dehydrogenation heat treatment (DHT) in restrained and highly stressed joints such as all nozzle welds.
Inadequate PWHT holding times can also leave welds with unacceptable low toughness areas.

Overall, vanadium-modified 2'/,Cr-1Mo and 3Cr-1Mo alloys offer considerable advantages over conventional Cr-
Mo alloys provided they are constructed with extra care by a quality-focused and informed manufacturer.

4.2 Identified Fabrication Issues

Vanadium-modified steels require additional considerations that need to be implemented during fabrication. The
purpose of this document is to assist manufacturers in successfully fabricating with vanadium-modified steels.
This section lists some problems that have been encountered by different manufacturers in the past during the
course of fabricating with vanadium-modified steels and it is the intent of this document to inform the readers of
these problems so that steps can be taken to ensure that they are not repeated

4.2.1 Preheat and Interpass Temperature

It cannot be emphasized enough that correct preheat and interpass temperatures are extremely crucial to
obtaining optimum toughness values when fabricating with vanadium-modified steels, even more so than for
conventional Cr-Mo steels (although they are crucial for those alloys also). Manufacturers will repeatedly monitor
the preheat and subsequent interpass temperatures to ensure that the correct preheat is maintained. Too low a
preheat or an interruption of preheat may cause cracking and this is a common cause of problems encountered
during fabrication with vanadium-modified steels. A comprehensive fabrication plan typically includes the methods
for application and monitoring of preheat, DHT and ISR.

The maximum interpass temperature will vary based on the welding process and specific brand of filler metals.
The limits range from the maximum interpass temperature as low as 200 °C (392 °F) to ~300 °C (570 °F) and
in some cases on thinner plates, it results in the need to pause the welding. It has been recommended that
going above 25 °C (48 °F) is carefully considered and supported by a qualified weld test procedure (taking
into account variables such as bead height and toughness). Also, on thinner plates, it can be important to
measure the interpass temperature in the groove with digital thermometers rather than using tempil sticks on the
surface. While large diameter, heavy wall equipment like reactors usually have no problems with staying below
the maximum interpass temperature, smaller, thinner components such as exchangers sometimes need a pause
between passes to meet this requirement. See also 4.2.5.3.

4.2.2 Cutting

If flame or arc cutting is performed on vanadium-modified materials, the area to be cut will be properly preheated
and the heat affected zones are removed by grinding or machining. Experience indicates that ~3 mm ('/, in.)
of material is typically removed for flame cutting and 1.5 mm (/. in.) for plasma cutting; a hardness check can
be performed during the development of the cutting process to verify complete removal of the affected zone.
Due to the extent of material removal, preparation by machining is recommended following all thermal cutting
operations, with subsequent grinding. These steps are followed by MT or PT to ensure the thermal operation
does not induce a hard zone with the potential for cracking.

4.2.3 Forming

The subject of forming has been a controversial issue with some manufacturers due to naming conventions.
Apart from “hot” forming above the Ac3 upper transformation temperature (above 900 °C [1650 °F]) which
requires subsequent reheating and subsequent quenching and tempering, some manufacturers execute forming
at elevated temperatures to take advantage of the lower yield strength, but below the 480 °C (900 °F) cutoff
where simulation of heat treatments is required (this is also called warm forming). This is not to be confused with
forming at ambient or near-ambient temperatures which can also be referred to as cold forming/rolling.

Cold forming or cold rolling vanadium-modified materials at ambient temperatures are not typically recommended,
and a minimum through-thickness preheat temperature of 150 °C (300 °F) is typically used for all forming
operations. This can be a challenge for some manufacturers. However, if an adequate preheat it )@ Gdiimeiats
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cold forming or rolling, the manufacturer runs the risk of cracking during the rolling operation and possibly the
risk of catastrophic cracking through the entire plate width. 100 % MT inspection after forming can be specified
when cold forming is performed (and is required by APl RP 934-A). Prior to cold forming, a forming procedure is
typically developed covering the plate edge preparation, preheating, forming steps and post heating.

If the vessel manufacturer opts to use “hot” forming, sometimes they will specify the plate material to be ordered
in the as-rolled condition, with a test plan that includes simulation of the forming and heat treatment process
expected during the vessel fabrication (including repair PWHT cycles). This simulated test would typically be
done per heat if specified by the customer. The vessel manufacturer may choose to follow an equivalent heating/
forming sequence adopted from the plate suppliers and carry out production coupon testing as required by code
for each vessel (with the head segment having extra material to obtain the required test coupon). In cases of
multiple vessels of the same size the manufacturer can propose a test reduction for purchaser approval.

4.2.4 DHT versus ISR

The question of DHT versus ISR comes up on every project. When fabricating with vanadium-modified steels,
DHT is typically only considered for non-restrained joints such as longitudinal and circumferential seams. In these
cases DHT be performed at the appropriate temperature for the appropriate time. ISR is highly recommended
for restrained joints such as nozzle welds in shells or heads, internal beam support weld build ups, and for
other joints which are highly stressed during fabrication. There has been one reported incident of cracking of an
adjacent seam weld associated during grinding work on a weld built up pad intended for external attachments.
Therefore, some people use precautions when sequencing and doing grinding or other mechanical work on pads
or attachment welds located within 150 mm of Category A, B, or D welds #7. For example, such mechanical work
can be done after an ISR or final PWHT of these Category A, B, or D welds, and others may choose to relocate
the attachments or pads if possible.

There have been multiple instances reported where a DHT was given in lieu of an ISR on restrained welds with
the result of weld cracking. Some manufacturers insist that DHT for welds in lieu of ISR is acceptable based
upon their past experience. Consider that driving out hydrogen from a weld is only half of the story. As-deposited
Cr-Mo welds can have very low toughness, (as demonstrated in Figure 1) and any flaw in the weld metal has
the potential for generating cracks as the welded section cools to ambient conditions, or during subsequent
handling at ambient temperature. Whether DHT or ISR is chosen for non-restrained welds, some purchasers
have requested records (typically in the form of time logs for DHT and heat treatment charts for ISR) of the heat
treatment to be kept to validate that the thermal cycles have been performed. The DHT specified in APl RP 934-A
for vanadium-modified steels is 350 °C (660 °F) for four hours minimum.
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Figure 1—Charpy V-Notch Toughness of Conventional and Vanadium-modified 2'/,Cr-1Mo Deposited

Weld Metal after DHT and ISR Heat Treatment from Supplier [13]
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