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ABSTRACT

New generation of vanadium modified low-alloy chromium-molybdenum steels for hydrogen reactors has been reviewed.
Three steels: 2.25Cr-1Mo-0.25V, 3Cr-1Mo-0.25V-Ti-B, 3Cr-1Mo-0.25V-Nb-Ca standardized according to ASME Boiler
and Pressure Vessels Code, Section VIII Division 2 are presented and compared with conventional 2.25Cr-1Mo steel.
Metallurgical characteristics, main properties and application limits of the steels has been shown. Microstructure and its
effects on in-service degradation phenomena has been indicated.
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INTRODUCTION

Hydrogen reactors are used for several kinds of processes in refineries and petrochemical
plants, such as desulphurisation of hydrocarbons and cracking of heavier hydrocarbon fractions
into lighter molecules. These processes are carried out at high temperatures and pressures in the
presence of a catalyst.

For more than last 30 years, conventional low-alloy chromium-molybdenum 2.25Cr-1Mo
steel has been extensively used for the reactor vessels; to a lesser extent 3Cr-1Mo steel has been
also applied. The reactors generally have been operated at temperatures lower than 454°C
with hydrogen partial pressure above 10 MPa [1]. Growing demands for higher service
temperatures/pressures and increased reactor sizes resulted in larger and heavier reactors with a
unit weight up to 1500 metric tons. Many problems with transportation and construction of such
reactors were encountered. Moreover, due to the process temperature increase close to the
position of 2.25Cr-1Mo curve according to API 941 (Nelson diagram) [2], high temperature
hydrogen attack was possible to occur during the reactors’ service.

In order to solve these problems, new generation of vanadium modified Cr-Mo steels was
developed. The steels are standardized according to ASME Boiler and Pressure Vessels Code,
Section VIII Division 2:

e 2.25Cr-1Mo-0.25V steel, approved as Code Case 2098-1 in 1991, allowing several grades
with additions of niobium, calcium, titanium and boron,

e 3Cr-1Mo-0.25V-Ti-B, approved as Code Case 1961 in 1992,

e 3Cr-1Mo-0.25V-Nb-Ca, accepted as Code Case 2153 in 1993.

First two reactors made of 3Cr-1Mo-0.25V-Ti-B steel by Japan Steel Work were completed
in 1990 [3], and the reactors made of 3Cr-1Mo-0.25V-Nb-Ca were manufactured in 1994 at
Kobe Steel, Tagasako Works in Japan [4]. The first 2.25Cr-1Mo-0.25V reactor was fabricated by
Nuovo Pignone in Italy in 1995. By the end of 2001 year, 98 vanadium modified vessels had
been fabricated all over the world [3].



22 ADVANCES IN MATERIALS SCIENCE, Vol. 4, No. 2 (4), December 2003

In this paper metallurgical characteristics, main properties and application limits of
vanadium modified reactor steels have been presented. Microstructure and its effects on steel
properties have been shown. Improved resistance to in-service degradation phenomena has been
indicated.

CHARACTERISTICS OF STEELS AND APPLICATION LIMITS

ASME VIII-2 Code Cases requirements for chemical composition of vanadium modified
steels are given in Table 1. Advanced steel making processes, such as a process based on pig
iron production in the blast furnace by steel refining in the BOF converter, ladle metallurgy and
vacuum treatment are necessary. They provide an extraordinary low content of tramp elements,
such as tin, arsenic, antimony and low level of phosphorus, sulphur an oxygen [5].

Table 1. Chemical requirements for V modified Cr-Mo steels

Composition, 2.25Cr-1Mo-0.25V | 3Cr-1Mo-0.25V-Ti-B | 3Cr-1Mo-0.25V-Nb-Ca
wt. % Code Case 2098-1 Code Case 1961 Code Case 2151
¢ 0.10-0.15 0.10-0.15 0.10-0.15

Mn 0.30 - 0.60 0.30 - 0.60 0.30 - 0.60
P max. 0.015 max. 0.015 max. 0.015
S max. 0.010 max. 0.010 max. 0.010

Si max. 0.1 max. 0.1 max. 0.1

Cr 2.00 - 2.50 2.75-3.25 2.75-3.25
Mo 0.90-1.10 0.90-1.10 0.90-1.10
Cu max. 0.25 max. 0.25 max. 0.25

Ni max. 0.25 max. 0.25 max. 0.25

\% 0.25-0.35 0.20-0.30 0.20-0.30
Nb max. 0.07 - 0.015-0.070
Ca max. 0.015 - 0.0005 - 0.0150
Ti max. 0.030 0.015-0.035 -

B max. 0.0020 0.001 - 0.003 -

The three modified alloys utilise vanadium addition to enhance tensile strength at elevated
temperature and creep rupture strength, and to improve resistance to in-service degradation
phenomena, such as temper embrittlement, high temperature hydrogen attack (HTHA) and
hydrogen embrittlement [1,3-5]. The effect of vanadium content on the mechanical properties of

3Cr-1Mo steel is shown in Fig. 1. The elevated temperature
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addition of boron in 3Cr-1Mo-0.25V-Ti-B steel increases the
hardenability and assures uniform distribution of mechanical
properties throughout most heavy cross sections [1]. The
addition of titanium helps to maximize the effect of boron.

vanadium [wt %]

Fig. 1. Effect of vanadium content on
mechanical properties of 3Cr-1Mo steel [3]
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The modified steels are supplied in quenched and tempered condition. Tempering is carried
out at 690-710°C in order to reduce the strength level and to improve impact properties of the
quenched steels. The tempering process is performed after the final post weld heat treatment
cycle of the reactor. The steels exhibit some decrease in low temperature toughness compared to
the conventional steels: 54 J transition temperature (54 J TT) is -29°C and -40°C, respectively
[3.4].

Design properties of the conventional Cr-Mo steels and vanadium modified Cr-Mo steels
are summarised in Table 2. Higher room temperature strength properties of the modified steels
are presented. Increased mechanical properties allow for higher design stresses, leading to a
decreased wall thickness and a reduced weight of the reactors.

According to API 941, 0.25 wt.% of vanadium in 2.25Cr-1Mo steel protects the material
from HTHA under hydrogen partial pressure <13.79 MPa up to 482°C, compared to 454°C for
the conventional 2.25Cr-1Mo alloy. However, despite the vanadium addition, the maximum
design temperature permitted by ASME VIII-2 for modified 3Cr-1Mo steels is 454°C at the
present time. These steels cannot meet the Division 2 creep rupture requirements at 482°C.

It is indicated in Table 2 that application of the modified steels results in lower unit weight of the
reactors at a comparable cost.

Table 2. Comparison of reactor steels: conventional Cr-Mo and V modified Cr-Mo

Conventional Conventional )
Steel grade 2 250r-1Mo 2.25Cr-1Mo-0.25V 3Cr-1Mo 3Cr-1Mo-0.25V-Ti-B | 3Cr-1Mo-0.25V-Nb-Ca
Max. allowed
temperature 482°C 482°C 454°C 454°C 454°C
ASME VIII-2
Max. allowed
temperature 454°C 510°C 510°C 510°C 510°C
APl 941
Min. Tensile 517 MPa 586 MPa 517 MPa 586 MPa 586 MPa
strength
Min. Yield 310 MPa 414 MPa 310 MPa 414 MPa 414 MPa
strength
) at 454°C at 454°C at 454°C at 454°C at 454°C
Design stress 150 MPa 169 MPa 131 MPa 164 MPa 164 MPa
intensity value,
ASME VIII-2 at 482°C at 482°C ) } }
117 MPa 163 MPa
at 454°C at 454°C at 454°C at 454°C at 454°C
Wall thickness 338 mm 298 mm 392 mm 307 mm 307 mm
1 at 482°C at 482°C } } )
442 mm 310 mm
?::cctcordv(:::gﬂé 103?0:1$etric 916 metric tgns 1203 metric tgns 944 metric tcgns 944 metric t%ns
typical cost [1] 5.65 £x10° 5.5 £x10 6.26 £x10 5.61 £x10 5.61 £x10
fSazctCordv(:::gE; 1359 metric tons 953 metric tons R R R
' g 7.39 £x10° 5.72 £x10°
typical cost [1]

Due to the large wall thickness, the high hardenability and the severe service conditions of
the reactors made of vanadium modified Cr-Mo steels, welding needs precaution and careful
processing. Welds are always post weld heat treated before service [1,3,5]. Generally, 54 J TT of
weld metal and base metal are 20 to 30°C higher than those of the conventional 2.25Cr-1Mo
steel, but the transition temperature of heat affected zone is sufficiently low enough compared
with those of base metal and weld metal [3].
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Delayed hydrogen induced cold cracking is a potential problem of the weldments in the
conventional Cr-Mo steels. Low temperature PWHT may be used to prevent the cracking [6].
The tendency towards hydrogen cracking of the vanadium modified steels appears to be similar.
As a general precaution, only low weld fluxes and welding conditions that guarantee very low
hydrogen input should be used for this kind of steels [5].

MICROSTRUCTURE AND ITS EFFECT ON IN-SERVICE PROPERTIES

In-service behaviour of the reactor Cr-Mo steels strongly depends on the type and
morphology of carbide phase. Vanadium modification provides fine, vanadium-rich carbides,
evenly distributed in the metal matrix. Fine carbide particles in quenched and tempered
2.25Cr-1Mo-0.25V steel are compared with coarse carbides in 2.25Cr-1Mo steel in Fig. 2. Four
types of carbides were identified in the modified steel: M;Cs, M;Cs, MC and M,C. All the types
of the carbides contained vanadium, as well differentiated amounts of chromium, iron and
molybdenum [8]. The thermodynamic stability of carbides in the modified steels is much greater
than vanadium-free precipitates [7].
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Fig. 2. Carbides in conventional 2.25Cr-1Mo steel (a) and modified 2.25Cr-1Mo-0.25V steel (b),
carbon extraction replicas, scanning electron microscope
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Temper embrittlement

A good near room temperature toughness of steel is one of important factors for safe
operation hydrogen reactors during shutdowns and startups. Low alloy Cr-Mo steels are known
to be prone to temper embrittlement caused by long tempering and/or elevated service in a
temperature range of about 370-560°C [1,9,10]. The grain boundary segregation of impurities
and tramp elements was shown to be the main factor influencing this phenomenon.

It is a current industry practice to limit impurity/tramp elements content in reactor steels
according to a relationship called a Watanable number or J factor [11]:

J factor = 10* (P + Sn) (Mn + Si)

In the above equation the elements are expressed in ppm. It is considered that the resistance of steels
to temper embrittlement will be sufficient when J factor is limited to a value of less than 100.

Carbide transformations accompanied by microstructural and microchemical changes
cooperate in the embrittling process [12]. A delay in carbide transformation, precipitation or
thickening usually leads to a delay in the embrittlement [7]. From this point of view, the presence
of stable V-rich carbides is of great importance. Generally, the temper embrittlement
susceptibility of vanadium modified Cr-Mo steels is lower compared to the conventional Cr-Mo
steels [1,4].

Hydrogen embrittlement

Hydrogen embrittlement is a cause of concern for high-strength reactor steels during
shutdown conditions. At typical hydropocessing temperatures and hydrogen partial pressures,
hydrogen diffuses easily throughout the reactor wall, and hydrogen concentration level reaches
about 6-7 ppm maximum. When the reactor is cooled down to rapidly to permit the diluted
hydrogen to diffuse out of the steel, delayed hydrogen
cracking may occur. Embrittlement usually takes place [1 ] T 1

below 150°C [1]. 30 Hydrogen (ppm)
Fine, evenly distributed vanadium-rich carbides trap o b

the diffusible hydrogen in the steel. As a result, vanadium S

modified Cr-Mo steels have lower hydrogen diffusion e 70

coefficient than the conventional alloys. Lower hydrogen z

diffusivity improves the resistance to hydrogen embrittlement o

because hydrogen concentration at the tip of cracks is @ 10}

reduced. In Fig.3 the effect of vanadium addition in

2.25Cr-1Mo steel on reduction of area of tensile specimen

without and with hydrogen charging is shown [13]. It may 007 65 63 04 05

be seen that ductility loss decreases with an increased vanadium [wt. %]

vanadium content and the steels containing more than

about 0.2 wt.% of vanadium have high resistance to  Fig- 3. Effect of vanadium addition on
ductility loss connected with hydrogen

hydrogen embrittlement. embrittlement. RO - reduction of area of
hydrogen-free specimen, RH — reduction of
area of hydrogen-charged specimen [13]

High temperature hydrogen attack

Cr-Mo steels my fail by high temperature hydrogen attack during the reactor service. The
hydrogen that diffuses throughout the steel wall reacts with carbon in carbides to form methane.
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Depending on service conditions, the reaction takes place at the steel surface or inside the steel
that results in surface decarburisation of the material or internal decarburisation connected with
formation of cavities/fissure/cracks filled with methane and decrease in mechanical properties
[2,14,15].

HTHA limits the maximum operating conditions of hydroprocessing reactors. The
guidelines for the maximum recommended temperatures at corresponding hydrogen partial
pressures for the modified and the conventional Cr-Mo steels, designated by API 941 are shown
in Table 2.

The susceptibility to HTHA is determined by the microstructure of the steel, especially by
its alloy carbides MC,. Higher thermodynamic stability of the carbides results in reduced
methane pressure, which gives a driving force for cavities growth, and suppressed hydrogen
influence [16]. Precipitation of vanadium-rich carbides in the modified steels enhances the
resistance to hydrogen attack. Adding 0.25 wt.% of vanadium to 2.25Cr-1Mo steel, improved
resistance to HTHA is achieved, the same as the resistance of 3Cr-1Mo steel with higher
chromium content [2].

Hydrogen induced overlay disbonding

All hydrogen reactors must be protected from high temperature sulphide corrosion caused
by hydrogen sulphide present in the process stream. The protection is usually provided by
austenitic stainless steel weld overlay over the base steel. However, the reactors may often
develop disbonding cracks during shutdowns due to hydrogen concentration at the interface of
both the steels. The tendency for disbonding appears to increase with increased hydrogen partial
pressure, increased operating temperature and faster cooling rates from the operating temperature
[1].

The modern vanadium modified Cr-Mo steels do not exhibit as great a susceptibility to
disbonding as the conventional steels do. This has been attributed to the lower diffusivity of
hydrogen in the vanadium steels caused by hydrogen trapping by fine vanadium-containing
carbides [3]. Another explanation deals with formation of low carbon martensite on the weld
metal side of the interface instead of high carbon martensite which increases susceptibility to
disbonding [17]. This is due to the fact that vanadium carbide precipitations reduce carbon
diffusion from the base metal to the weld metal.

SUMMARY

Advanced vanadium modified Cr-Mo steels with additions of niobium, calcium, titanium
and boron offer improved performance for hydrogen reactors in the refinery industry and the
petrochemical industry compared to conventional Cr-Mo steels. The new steels provide
important advantages:

1. Excellent properties against hydrogen degradation, such as
e hydrogen embritlement,
e high temperature hydrogen attack,
e hydrogen induced overlay disbonding,

2. Good toughness at low temperatures and improved resistance to temper embrittlement,
3. Lower unit weight of the reactors at a comparable cost by increase of steel strength.
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