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Abstract

Because ferritic steels have been found to have excellent resistance to swelling when

irradiated in a fast-breeder reactor, Cr-Mo steels have recently become of interest for

nuclear applications, both as cladding and duct material for fast~breeder reactors and as

a first-wall and blanket structural material for fusion reactors. In this paper we will

assess the Cr-Mo steels for fusion reactor applications. Possible approaches on how Cr-Mo

steels may be further developed for this application will be proposed.

Generally, the Cr-Mo steels can be divided into two categories: unmodified, basically

Cr-Mo-C steels and Cr-Mo-C steels modified by the addition of carbide-forming elements — in

addition to chromium and molybdenum. Extensive research and development efforts have been

conducted on the unmodified steels, especially 21/4 Cr—1 Mo and 12 Cr—Mo steels. Considerable

work has also been done on 12 Cr-4fo steels modified with additions of vanadium, niobium,

titanium and tungsten. In recent years much of the research effort on this type of alloy

has been directed at developing modified Cr-Mo steels with less than 12% Cr (£9%) for appli-

cations where the "stainless" properties imparted by chromium additions of at least 12% are

not needed.

We will examine the unmodified and modified steels in terms of hardenability, precipi-

tation processes (stability at elevated temperatures), strength, and toughness. Where

possible, we will discuss the effects of irradiation on these properties. Such a study

leads to the types of tradeoffs that may be necessary when choosing between the well-

researched unmodified 21/4 Cr—1 fto steel and a high-chromium modified steel.

*Research sponsored by the Division of Materials Sciences, U.S. Department of Energy, under
contract No. W-7405-eng-26 with Union Carbide Corporation.



1. Introduction

The Cr-Mo steels can be divided into two categories: Cr-Mo steels without and with the

addition of other carbide-forming elements. For the purpose of this discussion, these

alloys will be termed unmodified and modified Cr-Mo steels.

There has been a considerable amount of research on the mechanical properties of the

unmodified Cr-Mo steels — especially 21/4 Cr—1 Mo and 12 Cr—Mo steels. In the case of the 12

Cr—Mo steels, there has also been a considerable amount of work on the modified alleys.

Over the years there have been numerous attempts at modifying Cr-Mo steels with less than

12% Cr for applications where the "stainless" properties of 12% Cr are not needed. The

general approach is similar to that used to modify the 12 Cr—Mo steels — that is, the addi-

tion of small amounts of the carbide-forming elements vanadium, niobium, titanium, and

tungsten (there have also been some attempts to increase the molybdenum content).

Ferritic steels, including several Cr-Mo steels, have been found to have excellent

resistance to swelling when bombarded with heavy ions or irradiated in a fast reactor [2—5].

For this reason the Cr-Mo alloys are of interest for nuclear applications, both as cladding

and duct materials for breeder reactors [2—5] and as first-wall and blanket structural

material for fusion reactors [6].

An alloy development program for ferritic steels for fusion reactor service is presently

in progress. The program is involved in obtaining information on the radiation-damage

resistance of commercial Cr-Mo steels. In the future it will be of interest to develop fer-

ritic alloys tailored especially for a fusion reactor environment. With this in mind, we

will examine our present knowledge of unmodified and modified Cr-Mo steels with the hope

that such a survey can point the direction for future alloy development.

2. Discussion

2.1 Unmodified Cr-Mo Steels

When the need for creep-resisting steels arose in the 1930s, the Cr-Mo steels were a

natural progression from the carbon steels and C-Mn steels then in common use [7]. From the

early development work, it was concluded that a molybdenum concentration of 1% was optimum

for strength and 21/4% Cr was optimum for oxidation resistance for applications to 550—600°C

[7]. Alloys with higher chromium concentrations such as 5 Cr—1/2 Mo, 7 Cr—V2 Mo, 9 Cr—1 Mo,

and 12 Cr—1 Mo were developed for operation in mora aggressive atmospheres (e.g., in the

petrochemical and oil industry). For lower temperatures and less aggressive environments,

alloys are used with chromium and molybdenum concentrations below those for 21/4 Cr—1 Mo.

The elevated-temperature strength of the Cr-Mo steels is provided by the carbide preci-

pitates that occur. The precipitation reactions have been studied in detail in 2V4 Cr—1 Mo

steel and to a somewhat lesser extent in other Cr-Mo steels.

The 2V4 Cr—1 Mo steel is used in the quenched-and-tempered, normalized-and-terapered, and

annealed conditions. Initially the elevated-temperature strength for all conditions is

determined primarily by the dispersion strengthening from M02C precipitates [8]. However,

this carbide is unstable, and eventually gives way to M23C5 and eta carbide. The morphology

of these latter carbides is much less conducive to dispersion strengthening. The kinetics

by which M02C is replaced by the more stable carbides depends on the microstructure of the

steel (i.e., proeutectoid ferrite or bainite); the extent of the hardening by M02C depends

sj on temperature and time.
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The addition of more chromium (above 2VA%) to the Cr-Mo steels increases the har-

denability of thu steel. A 9 Cr—1 Mo steel is air hardened to an entirely martensitic con-

dition in the noisily used section sizes [7]. However, in that condition it must be

tempered before it can >>e fabricated. The other alternative is to use an annealed product.

In either case, the resulting creep properties are similar to or below those for 21/4 Cr—1 Mo

steel [7]. This follows because the speed of the carbide precipitation reactions in marten-

site exceed those in bainite t7]. In this case M23C6 forms Immediately, but it rapidly

coarsens. Thus the addition of more than ~2l/4% Cr to a steel with £l.2Z Mo gives a steel

with improved corrosion resistance, but little or no enhancement of elevated-temperature

strength. This also applies for steels with up to 12% Cr [1,7].

2.2 Modified Cr-Mo Steels

There is a strong economic incentive to modify the Cr-Mo steels for improved elevated-

temperature strength, since such steels could replace the more expensive stainless steels

with their high chromium and nickel content. For a similar reason, it would be advantageous

to develop improved Cr-Mo steels with less than 12% Cr.

Because the loss of elevated-temperature strength of Cr-Mo steels results from the

instability of the precipitates that provide creep resistance, it is desirable to modify the

steels to form more stable precipitate particles. Two methods have been used to accomplish

this. The first technique involves the addition of stronger carbide formers than chromium

and molybdenum. In most cases the modified alloys contain either vanadium, niobium,

titanium, tungsten, or a combination thereof. Another method is to increase the molybdenum

from 1 to 2%. A combination of these two techniques is also sometimes used.

The alternatives to 2I/4 Cr—1 Mo steel most often considered are alloys based on J.21 Cr

and 9-10% Cr [9]. The 12% Cr-Mo steels (modified and unmodified) are used worldwide in

applications such as steam power plants, gas turbines, hydraulic turbines, propellors,

aircraft and missile parts. Even with all the research on these materials, however, for

elevated-temperature applications 21/4 Cr—1 Mo steel is still the most widely used Cr-Mo

steel. It has not yet been possible to develop a 12 Cr—Mo steel with strength such that it

can adequately replace austenitic stainless steels in superheaters of steam power plants.

The 9-10% Cr alloys are modified by adding one or more of the stronger carbide formers

vanadium, niobium, titanium, and tungsten, [10] or by increasing the molybdenum from 1 to

2%, [11] or by a combination of these two procedures [12].

The strength of the 9 Cr—1 Mo alloys modified by the addition of small amounts of car-

bide formers is claimed to be due to the stabilization of the M23Cg [10]. That is, although

the same precipitate forms in modified and unmodified 9 Cr—1 Mo, vanadium promotes the for-

mation and retention of a fine precipitate. Similar observations have been made for

precipitation in 12 Cr—1 Mo alloys modified by vanadium [1,7].

The 9 Cr—2 Mo alloys (with and without niobium and vanadium) contain a duplex micro-

structure of tempered martensite with 20-40% (S-ferrite [11,12]. The strength of the steel

without the addition of the other carbide-forming elements is thought to be due to a mixture

of fine »23C6 a n d ^ c (eta-carbide) in the ferrite and a somewhat coarser distribution of

these same carbides in the tempered martensite [11]. Orr et al. [7] point out that since

Baker and Nutting [8] found that eta-carbide forms from M02C in proeutectoid ferrite, the

strengthening reaction in 9 Cr—2 Mo steel must involve the precipitation of a large amount



of M02C in ferrite. For the 9 Cr—2 Mo with vanadium and niobium added, it is felt that

vanadium and niobium carbides precipitate in the ferrite [7]. For all these materials, only

the general outline of the carbide precipitation sequence and its effect on properties

appears to be known.

When small amounts of niobium and titanium are added to a 12 Cr—1 Mo steel (with or

without vanadium), an MC type carbide forms in addition to M23C6 [7], Evidently, these

alloying elements are not as readily absorbed in the M23C6 as the vanadium. The formation

of a fine dispersion of these precipitates at the service temperature can lead to improved

strength. However, it can also result in reduced ductility.

Recently, Ishiguro et al. It 13] reported on studies to seek an improvement in the

strength of 21/4 Cr—1 Mo steel by micro-alloying additions. These investigators found that a

low-Si 21/4 Cr—1 Mo—1/4 V-l/4 Ti—B steel gave improved hardenability, creep strength, and

impact toughness over that for commercial 21/4 Cr—1 Mo steel. The addition of 0.002% B was

credited with increasing the hardenability of the alloy, allowing for the formation of

"martensite or bainite or a mixture of the two at a cooling rate as slow as 10°C/min."

Precipitate stability is of prime importance for the fusion reactor application.

Ishiguro et al. give little information on precipitate stability. From an examination of

the constitution diagrams for Cr-Mo-V steels published by Andrews et al. [14], we would

expect that at equilibrium a 21/4 Cr—1 Mo steel containing 0.25% V would contain M^C (a

molybdenum-rich carbide) and M4C3 (V4C3). From these diagrams we would predict a precipita-

tion sequence similar to that of 21/4 Cr—1 Mo steel, with the addition of M4C3 to the micro-

structure. Although there are no data available, MC (TiC) could also be expected for 0.25%

Ti. The stability of M4C3 and MC could then possibly determine the long-term properties.

Finally, Brozzo et al. [15] demonstrated excellent stress-rupture properties of a low-C

(0.05-0.07%) 1 Cr-1 Mo steel with 0.25% V, 0.15% Nb, and 0.004% B. The effect of B on har-

denability was again shown. Silicon was at normal levels (~0.4%). Although the tests for

this steel were at higher temperatures (550, 600, and 650°C) than for the work by

Ishiguro et al. [13], the Larson-Miller data presented appear similar where data at a common

parameter and stress can be compared. Brozza et al.[15] also give no information on preci-

pitation in the alloy that would account for the improved strength. However, for a 1 Cr—1

Mo-0.25 V alloy, the constitution diagram indicates that considerable amounts of M4C3 could

form [14]. Similarly, niobium-rich carbides could be expected in these low-alloy steels.

2.3 Cr-Mo Steels for Future Fusion Reactors

The choice of a given Cr-Mo steel for fusion reactor service is not straightforward.

At present the commercial 12 Cr—1 MoVW Sandvik steel (commercial designation HT9) is a prime

candidate for fast-breeder reactor duct and cladding applications. The results of studies

published to date show that this steel has favorable properties after neutron irradiation

[3]. For that reason it is being considered for fusion reactor first-wall applications [6].

If fusion reactors become the dominant energy source for the U.S. economy, the construc-

tion materials required for such reactors will place certain requirements on the society's

mineral resources. At present, the United States imports all of its chromium. Ninety-nine

percent of the world's reserves are located in Zimbabwe and the Republic of South Africa

(most of the rest is in the USSR and Turkey). Because of the political uncertainties such a

dependence incurs, there is considerable incentive to decrease the chromium concentration of

any alloy being considered for use in large tonnages.



In Fig. 1 data from Rosenwasser et al. [6] are reproduced. These data show the short-

term elevated-temperature strength of the Sandvik HT9 alloy relative to other alloys con-

sidered as potential fusion reactor structural alloys. If the HT9 data are compared with

modified 9 Cr—1 Mo steel (another candidate alloy) data [16] (Fig. 2), little difference is

observed.

It is difficult to find comparable data for 2V4 Cr—1 Mo steel. The only way this alloy

can be fairly compared is to compare the tempered martensitic modified 12 Cr—1 Mo and

modified 9 Cr—1 Mo steel with tempered bainite of 21/4 Cr—1 Mo steel. Such a microstructure

can be achieved for 21/4 Cr—1 Mo steel in a norraalized-and-tempered or quenched-and-tempered

product, depending on section size (for the relatively thin sections of fusion reactor

structures, a normalizing-and-tempering treatment would obtain the desired microstructure).

When the data for the modified 12 Cr—1 Mo and modified 9 Cr—1 Mo steels are compared

with the minimum from quenched-and-tempered 21/4 Cr—1 Mo steel data from G. V. Smith [17], the

quenched-and-tempered data are similar to those for the 9 Cr and 12 Cr steels (Fig. 2).

(Comparison with Smith's normalized-and-tempered data is not valid since a norraalized-and-

tempered 21/4 Cr—1 Mo steel can contain large amounts of proeutectoid ferrite; Smith gives no

information on microstructure). To show what is possible in 21/4 Cr—1 Mo steel, we have also

presented (Fig. 2) normalized-and-tempered data for a single heat of steel (25.4-mm-thick

plate) where the heat treatment conditions are known [18] (1 h 927°C, air cool; 1 h 704°C)

and are appropriate for fusion reactor applications.

Thus, from tensile data alone, a best Cr-Mo steel cannot be selected. The applicabil-

ity of the steels depends to a large extent on the precipitate stability at service temper-

atures. Although an indication of the stability can be obtained by considering the relative

creep-rupture strengths, few data are available for any of the steels at the temperatures of

interest «520°C).

If we accept Rosenwasser's conclusion that a martensitic Cr-tlo steel (namely Sandvik's

HT9) would have favorable properties to 520°C [6], the data that are available indicate very

little difference out to ~ 10 000 h rupture lifetimes for the Cr-Mo alloys under discussion.

This conclusion was reached by comparing creep-rupture data at 538°C for 23/4 Cr—1 Mo steel,

Sandvik HT9, and modified 9 Cr—1 Mo steel in the appropriate heat-treated conditions. Most

available data for the latter two steels are at temperatures higher than 538°C, where the

modified high-chromium steels have a distinct advantage. Although the HT9 and modified

9 Cr—1 Mo steels appear slightly stronger than bainitic 21/4 Cr—1 Mo at 538°C, there are not

-sufficient data available to establish one of these three steels as being distinctly supe-

rior to any of the others. A similar conclusion follows for the modified 1 Cr—1 Mo [15]

and modified 21/4 Cr—1 Mo [14] steels, although these conclusions follow from fewer data. At

temperatures below ~ 500°C 2V4 Cr—1 Mo has a distinct advantage — the strength will be simi-

lar to that of the higher-chromium alloys and the lower chromium content will provide econo-

mic advantages from the strategic material standpoint. From an economic standpoint, the use

of a slightly weaker material may be advantageous at the higher temperatures if it conserves

a strategic material (i.e., chromium).

Given that there is little to choose from for the three Cr-Mo steels from a comparison

of tensile and creep (stability) data for temperatures less than 520°C, we must examine the

effect of irradiation on these steels. Here there is a dearth of data. Sraidt et al. [3]

used Charpy-V notch measurements to show that Sandvik's HT9 has a tendency toward temper



erabrittlement when irradiated to a fluence of 1.1 x 10^2 n/cm^ at 419°C. The ductile-to-

brittle transition was raised 108°C by irradiation. There are no comparable data on other

Cr-Mo steels, although there is no reason for believing similar effects would not occur.

Irradiation by fast neutrons leads to important microstructural changes in the lattice

of the steel as a result of the displacement damage. At low irradiation temperatures «0.35

T m where Tm is the absolute melting temperature) the irradiation-induced defect structure

gives rise to an increase in flow stress and a decrease in ductility. At present there are

no data available for the Cr-Mo steels.

In the intermediate temperature regime (0.35 < T m < 0.6 T m ) , a void and dislocation

structure develops and the alloy swells. Swelling occurs when defect sinks accept vacancies

and interstitials at different rates (i.e., the sink has a bias for a specific defect).

Interstitials are accepted preferentially by the dislocation loops formed by the radiation

damage, causing the loops to grow. Vacancies are accepted by cavities that grow into voids.

The sura of the process is a volume increase — swelling — of the irradiated material.

The swelling behavior of Fe-Cr alloys for several chromium compositions has been

determined [4]. Swelling was determined after a neutron displacement dose of 30 displace-

ments per atom (dpa) at 420°C. A swelling minimum was observed between 1 and 5% Cr (0, 1,

5, 10, and 15% Cr binaries were irradiated), after which the swelling again increased with

increasing chromium concentrations. At 550°C, other investigators [2] found a swelling

maximum near 15% Cr; in these studies binary alloys with 7, 15, and 20% Cr were bombarded

with 5-MeV Ni+ ions.

From these studies and the fact that molybdenum usually behaves like chromium in iron,

we might conclude that of the steels under discussion, a 21/4 Cr—1 Mo steel would be most

resistant to void swelling. However, the Fe-Cr alloy studies were on high-purity alloys —

much different from the commercial steels. The interpretation of the Fe-Cr results was

based on the trapping of vacancies by chromium solute atoms which then inhibited void

nucleation and growth. The increase in swelling for chromium concentrations >10% was accom-

panied by a' precipitation (ferrite with 60—80% Cr), thus removing chromium from solution

and making it unavailable for vacancy trapping.

In the case of the Cr-Mo steels, there are several differences from the binary Fe-Cr

alloys. The tempered martensite and tempered bainite contain carbide precipitates, as

opposed to the precipitate-free ferrite microstructures of Fe-Cr alloys. The carbide preci-

pitates will remove chromium from solution, which may increase the tendency toward swelling.

However, in studies on 2V4 Cr—1 Mo aged for 26 500 h at 566°C we have found that there was

~ 2 % Cr still in solution. Superimposed on the unknown effect of swelling is the effect of

the radiation-induced vacancies on the precipitation process and the stability of the

precipitates. Thus, there is presently no a priori determination of which Cr-Mo steel would

be most resistant to radiation damage.

Smidt et al. [3] irradiated two commercial ferritic steels: HT9, the Sandvik modified

12 Cr—1 Mo alloy, and EM-12, the French-Belgium 9 Cr—2 Mo steel (the steel actually irra-

diated contained ~10% Cr). Irradiation was with 2.5 MeV 56pe+ ions. Temperature dependence

of swelling was determined by transmission electron microscopy observations after a displace-

ment dose of 150 dpa. Swelling rate as a function of dose was determined at the peak swell-

ing temperature. The alloys were bombarded in a normalized-and-terapered condition. The HT9



had a microstructure of overtempered raartensite, while the EM-12 was primarily overtempered

martensite containing 6-ferrite.

The peak swelling temperature for the HT9 occurred at 500°C, while that for EM-12 was

at 550°C. At the peak swelling temperature, the EM-12 showed a volume increase of 1.5% and

the HT9 3.7%. The EM-12 alloy also showed the lowest swelling rate at the peak swelling

temperature: 0.011%/dpa (at 550°C) vs 0.017%/dpa (at 500CC) for the HT9.

In the ion-bombardment study of Johnston et al. [2] they also bombarded 21/4 Cr—1 Mo

steel at 550°C with 5-MeV Ni+ ions — the same conditions they used for the Fe-Cr binary

alloys with 7, 15, and 20% Cr discussed above. After a bombardment to 115 dpa, the 21/4 Cr—1

Mo steel displayed a swelling of 0.8% (as opposed to ~7% for the 15% Cr alloy and ~2% for

the 7% Cr alloy). Although these data do not allow for a direct comparison with the HT9 and

EM-12, they would seem to indicate that a 21/4 Cr—1 Mo steel has low swelling characteristics

similar to those for the two high-chromium modified alloys.

In a fusion reactor, conditions exist where transmutation gases can form in situ

(helium or hydrogen can form when one of the elements of the steel absorb a neutron and

undergo a transmutation); these gases can lead to swelling due to gas bubble formation.

More importantly, the gases can adversely affect the high-temperature (>0.5 Tra) mechanical

properties. At present there appears to be no swelling data for bubble formation or the

effect of transmutation gases on mechanical properties in the ferritic steels.

For a complicated structure such as a fusion reactor, differences in weldability can

lead to distinct economic advantages of one steel over another. It is well established that

the high-chromium Cr-Mo steels are more sensitive to cold cracking than steels with a lower

chromium concentration. This follows because the higher hardenability leads to martensite.

In certain sections of the ASME Boiler and Pressure Vessel Codes, this difference is taken

into account in the rules that apply to the heat treatment of welds. For example, Section

VIII Division 1 requires no postweld heat treatment for Cr-Mo tubing with less than 3% Cr

and 0.15% C if the size of the tube is such as to not exceed a 102 mm outer diameter and a

thickness of 16 mm; a minimum preheat of 150°C is required. Note that Section VIII is not

applicable for nuclear structures, and we are not implying that a low-chromium Cr-Mo steel

could be used in a fusion reactor without a postweld heat treatment. This example is simply

meant to illustrate that a steel such as 2V4 Cr—1 Mo steel may offer advantages for the

fabrication of large-scale structures.

Conclusions

We have reviewed the available unmodified and modified Cr-Mo steels to determine the

best ferritic steel for fusion reactor applications to ~520°C. Although it is not possible

to establish which Cr-Mo steel is most likely to be optimum for this application, we pre-

sented reasons for considering alloys other than the modified high-chromium (9 or 12%- Cr)

alloys, which are presently being considered. When irradiated, the well-researched unmo-

dified 21/4 Cr—1 Mo steel has favorable swelling resistance; it also offers economic advan-

tages (from a weldability and strategic material standpoint). There is also the possibility

that a low-chromium Cr-Mo steel can be modified for use at temperatures above 520°C.
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