MECHANICAL PR OPER TIES OF MAR TENSITE

IN HEA T —RESIST ANT STEELS

H. K. D. H. Bhadeshia

Uni versity of Cambridge, U.K.

ABSTRA CT

It is interesting that martensite is the key microstructure in the most modern of creep resistan t steels. This may be an accidental consequence of alloy design, or it may be a fortunate outcome. For the energy generation industries, the temp eratures are such that creep occurs with the climb of dislocations over obstacles. It is argued that in these circumstances, it is favourable to have a fine martensite plate microstructure. Factors controlling the size of martensite plates are discussed and novel experiments are proposed to identify the role of the martensite plate boundaries. At the same time, there are some detrimen tal consequences of a martensitic or bainitic microstructure which need to be controlled for optimum properties.

INTR ODUCTION

The most exciting ferritic creep–resistan t steels start with a microstructure which is martensitic [1,2]. On the other hand, the best established steels of this kind rely on allotriomorphic ferrite or bainite as the starting microstructure. It is therefore pertinen t to ask:

(a) Why are modern heat–resistan t steels based on martensite? (b) What makes martensite desirable for heat–resistan t steels? (c) Can the martensite itself be altered to better fit the application?

WHY MAR TENSITE?

Low–chromium steels, such as the classical 2^1_4 Cr1Mo or 1CrMoV alloys have formed the backbone of the power generation and petrochemical industries for at least five decades, for operating temp eratures of 565^∘C or less. The 2^1_4 Cr1Mo is essentially bainitic, whereas the 9Cr1Mo type alloys developed much later, for higher temp eratures and greater corrosion/o xidation resistance, are martensitic. They undoubtedly have better creep strength (Fig. 1a, b), but why are they martensitic?

The probable answer to this has little to do with microstructure. A greater chromium concentration is needed to obtain the oxidation and corrosion resistance necessary for higher service temp eratures. The chromium must then be balanced by other solutes to avoid an excessive fraction of δ–ferrite. The net solute content then becomes so large that the steels cannot transform to bainite and hence the martensitic microstructure. This is illustrated by the time–temp erature transformation diagrams for 2.3, 4.3 and 9.3 wt% chromium steels shown in Fig. 1c.

Could it be that the martensitic microstructure, which has a very high number density of defects, encourages the precipitation of more numerous and finer carbide particles which resist creep deformation? Baker and Nutting [4]conducted a transmission electron microscop e study of carbide precipitation reactions during the isothermal temp ering of a 2^1_4 Cr1Mo steel in two starting microstructural conditions, bainite and martensite. Fig. 2 shows that whereas the kinetics of precipitation are not identical in the two cases, the differences are very small over the temp erature range of interest (500–650^∘C). This is to be expected since both microstructures contain similar defect densities (dislocations, plate boundaries, austenite grain boundaries); the slightly smaller defect density expected in bainite does not seem to have any significan t effect on the precipitation kinetics. A martensitic microstructure is not therefore necessary

Mechanically alloyed iron–base materials are used in a recrystallised condition with extremely coarse grain structures [14]. This is because the are destined to operate in environmen ts where the temp erature is very high, about 1000_∘C, where creep by diffusion along boundaries is an importan t contribution to the overall creep strain.

Typical commercial alloys are ferritic at all temp eratures. A critical esperiment to test the role of martensite boundaries in creep resistan t steels could involve the manufacture of heat treatable ODS alloys [15]. This would allow the testing of a dispersion–strengthened martensite

(Fig. 4b,c) which can be compared using low temp erature (600_∘C) creep measuremen ts in two states, the first a recrystallised grain structure and the second with an identical oxide dispersion but in a martensitic matrix. The experiment would reveal directly the role of the martensite boundaries in a creep process controlled by dislocation climb over obstacles.

UNDESIREABLE FEA TURES OF MAR TENSITE

Grain Boundary Em brittlemen t

During diffusional growth, grains of ferrite grow freely across the austenite grain boundaries, which are destro yed in the process. By contrast, displacive transformations occur with the disciplined motion of atoms. Such movements cannot be sustained across grain boundaries.

It follows that a vestige of the austenite grain boundary remains when the transformation is displacive. These prior boundaries become susceptible to impurit y segregation and embrittlement, liquid zinc embrittlemen t, and any phenomenon able to exploit the disorder associated with these boundaries [16–19].

The disorder at the prior austenite grain boundaries is larger than that associated with martensite–martensite boundaries. This is because adjacen t martensite plates have coherence with the parent austenite grain and hence a good fit with each other, whereas the orientation relationships between austenite grains can be random. There are considerable practical consequences of this difference. Thus, the extent of segregation is smaller at martensite lath boundaries. Carbides nucleate preferentially at the prior austenite grain boundaries during the temp ering of martensite or bainite [20,21]. The boundaries can be revealed by etching [22], often with great clarity even though the original grain is no longer present.

The problem of austenite grain boundary embrittlemen t in martensitic or bainitic steels is not exclusive to high strength steels used at ambient temp erature. It is well established that the fracture toughness of many power plant steels deteriorates during service at elevated temp eratures for two reasons. Firstly , the carbide particles, particularly those located at at the prior boundaries, coarsen and hence provide easier sites for crack or void nucleation.

Secondly, the elevated temp eratures permit the impurities to diffuse relativ ely rapidly and saturate the boundaries. Fig. 5 shows the impact transition curves for both the virgin steel

(i.e. at implementation into service) and for an ex–service sample which had experienced

88,000 h at 813 K [23].

Av oiding Grain Boundary Em brittlemen t

The traditional routes for avioiding temp er embrittlemen t involve a reduction in the impurit y concentration and the addition of substitutional solutes which getter the impurities

[24].

A solute causes embrittlemen t by reducing the cohesion across the boundary plane. On the other hand, those solutes which enhance covalent bonding normal to the boundary must reduce embrittlemen t. Ab–initio calculations of the bonding at grain boundaries in iron suggest this mechanism and confirm that phosphorus should embrittle and boron should toughen [25].

Boron additions must therefore be useful in commercial, martensitic power plant steels, which can be made clean but not free of impurities. The difficult y, however, is that much of the boron enters the M^{23} C^6 phase [26]and hence less is available to segregate to the austenite grain boundaries. Much further work is needed on this topic.

CONCLUSIONS

The fact that modern creep resistan t steels have a predominan tly martensitic microstructure may be a fortuitous consequence of efforts to improve the corrosion resistance. It is nevertheless likely that such a microstructure had advantages, for example, the plate boundaries may provide additional barriers to dislocation creep. However, this hypothesis is not proven so some interesting experiments are suggested as critical tests. It is only when the hypothesis is established would it be reasonable to attempt modifications to the size, shap e and crystallograph y of martensite as a means towards better creep resistance.

The high sensitivit y of martensitic microstructures to impurit y embrittlemen t can be controlled by minimising the deleterious elements in the steel. However, alternativ e approac hes, such as the modification of the crystallographic texture of austenite in order to improve the fit at the prior austenite grain boundaries, could prove worthwhile.

ACKNO WLEDGEMENTS

I am grateful to the organisers of this workshop for the opportunit y to present this work.

I would also like to thank them for the generous financial support. I would never have though t about the specific role of martensite in creep resistan t steels without Dr Kaneaki Tsuzaki’s suggestion.

REFERENCES

1. F. Masuyama and T. Yokoyama: High Temperature Materials for Power Engineering, ed D. Coutsouradis et al., Kluwer Academic Publishers, Dordrecht (1994) 301.

2. H. Mimura, M. Ohgami, H. Naoi and T. Fujita: High Temperature Materials for Power

Engineering, ed E. Bachelet et al., Kluwer Academic Publishers, Dordrecht (1990) 485.

3. F. Brun, T. Yoshida, J. D. Robson, V. Narayan, H. K. D. H. Bhadeshia and D. J. C.

MacKay: Materials Science and Technology 15 (1999) 547.

4. R. G. Baker and J. Nutting: Journal of the Iron and Steel Institute 192 (1959) 257.

5. R. W. K. Honeycombe: Metal Science 14 (1980) 201–214.

6. J. Daigne, M. Guttmann and J. P. Naylor: Materials Science and Engineering, 56

(1982) 10.

7. S. B. Singh and H. K. D. H. Bhadeshia: Materials Science and Engineering A A245

(1998) 79.

8. R. G. Davies and C. L. Magee: Metall. Trans. 2 (1971) 1947.

9. R. G. Davies and C. L. Magee: Metall. Trans. 1 (1970) 2931.

10. J. S. Benjamin and P. S. Gilman: Metals Handbook, ninth edition, ASM International,

Ohio 7 (1983) 722.

11. G. H. Gessinger: Powder Metallurgy of Superalloys, Butterw orth and Co., London.

(1984)

12. G. A. J. Hack: Powder Metallurgy 27 (1984) 79.

13. J. S. Benjamin: Metall. Trans. 1 (1970) 2951.

14. H. K. D. H. Bhadeshia: Materials Science and Engineering A Materials Science and

Engineering ( 223) 1997 77. 15. T. S. Chou and H. K. D. H. Bhadeshia: Unpublished research, University of Cambridge () 16. H. K. D. H. Bhadeshia and L.–E. Svensson: Mathematic al Modelling of Weld Phenomena, eds K. Easterling and H. Cerjak, The Institute of Materials, London (1993)

109.

17. H. K. D. H. Bhadeshia: Mathematic al Modelling of Weld Phenomena III, eds H. Cerjak and H. K. D. H. Bhadeshia, The Institute of Materials, London (1997) 229.

18. K. Ichikawa, Y. Horii, R. Motomatsu, M. Yamaguchi, and N. Yurioka: Quarterly Journal of the Japan Welding Society 14 (1996) 27.

19. T. Iezawa, T. Inoue, O. Hirano, T. Okazawa and T. Koseki: Tetsu to Hagane 79 (1993)

96–102.

20. E. D. Hyam and J. Nutting: Journal of the Iron and Steel Institute 184 (1956) 148.

21. R. G. Baker and J. Nutting: Journal of the Iron and Steel Institute 192 (1959) 257.

22. G. F. Vander Vroot, G. F.: Metallography, Principles and Practice, McGraw–Hill Book

Compan y, London, (1984) 219.

23. S. Wignara jah, I. Masumoto and T. Hara: ISIJ international 30 (1990) 58.

24. C. L. Briant and S. K. Banerji: International Metals Reviews 232 (1978) 164.

25. R. Wu, A. J. Freeman and G. B. Olson: Science 265 (1994) 376.

26. M. Hättestrand and H.–O. Andrén: Materials Science and Engineering A A270 (1999) 33. 27. J. W. Cahn: Acta Metallurgica 4 (1956) 449.

28. W. J. Nam: ISIJ International 39 (1999) 1184.