Some Phase T ransformations in Steels

H. K. D. H. Bhadeshia

University of Cambridge

Materials Science and Metallurgy

Pembroke Street, Cambridge CB2 3QZ, U. K.

Abstract: Many essential prop erties of iron alloys depend on the atomic mechanism of phase change. This pap er begins with a description of the mechanisms established for solid– state transformations in steels. A unique measure of the mechanism is prop osed, one which can easily be accessed experimen tally. The application of the mechanism to the design of novel steels is illustrated in the context of martensite and bainite. This is followed by an intro duction to new and quite general kinetic theory based on the Avrami approac h. The application of the theory to creep–resistan t and structural steels is illustrated with example calculations.

INTR ODUCTION

About 70% of all the steel that is used has been invented within the last ten years. Novel iron alloys are being conceived, manufactured and marketed with a regularit y which has confounded many prophecies. Phase transformation theory has contributed to the successful development of steels. We begin therefore with a discussion of the atomic mechanism by which phase changes are achieved in steels.

MECHANISMS OF TRANSF ORMA TION

The atomic arrangemen t in a crystal can be altered either by breaking all the bonds and rearranging the atoms into an alternativ e pattern (reconstructive transformation), or by homogeneously deforming the original pattern into a new crystal structure (displacive transformation),

Fig. 1.

In the displacive mechanism the change in crystal structure also alters the macroscopic shap e of the sample when the latter is not constrained. The shap e deformation during constrained transformation is accommodated by a combination of elastic and plastic strains in the surrounding matrix. The product phase grows in the form of thin plates to minimise the strains.

The atoms are displaced into their new positions in a coordinated motion. Displacive transformations can therefore occur at temp eratures where diffusion is inconceivable within the time scale of the experiment. Some solutes may be forced into the product phase, a phenomenon known as solute trapping. Both the trapping of atoms and the strains make displacive transformations less favourable from a thermo dynamic point of view.

It is the diffusion of atoms that leads to the new crystal structure during a reconstructiv e transformation. The flow of matter is sufficien t to avoid any shear components of the shap e deformation, leaving only the effects of volume change. This diffusion is necessary even when transformation occurs in pure iron [1]. In alloys, the diffusion process may also lead to the 1

a distinction which has never been challenged either experimentally or with theoretical arguments. It has been proven that Widmanst¨atten ferrite, bainite, martensite and mechanical twinning can all be retarded by the plastic deformation of austenite prior to transformation.

On the other hand, allotriomorphic ferrite, pearlite and recrystallisation reactions are always accelerated by such deformation. We now proceed to demonstrate how the theory of transformations contributes to better alloys.

CR YST ALLOGRAPHY OF DISPLA CIVE TRANSF ORMA TION

It is importan t to understand the crystallograph y of displacive transformations because of its influence on many of the features of microstructure. The Bain strain B converts the structure of the parent phase into that of the product. When combined with an appropriate rigid body rotation, the net homogeneous lattice deformation RB is an invariant–line strain

(Fig. 4), giving good fit only along a single line common to the two crystals. However, the observed shap e deformation indicates a larger degree of fit. The shap e change is in fact an invariant–plane strain (IPS) P^1 , but this gives the wrong crystal structure. If, however, a second homogeneous shear P^2 is combined with P^1 , then the correct structure is obtained but the wrong shap e since

P^1 P^2 = RB (1)

These discrepancies are all resolved if the shap e changing effect of P^2 is cancelled macroscopically by an inhomogeneous lattice–in variant deformation, which may be slip or twinning as illustrated in Fig. 4.

The theory illustrated explains all the essential features of martensite or bainite crystallography [5,6,7,8]. It is easy to predict the orientation relationship, by deducing the Bain strain and adding a rigid body rotation which makes the net lattice deformation an invariant–line strain. The habit plane does not have rational indices because the amount of lattice–in variant deformation needed to recover the correct macroscopic shap e is not usually rational. The theory predicts a substructure in plates of martensite (either twins or slip steps) as is observed experimentally. The transformation goes to all the trouble of ensuring that the shap e deformation is macroscopically an invariant–plane strain because this reduces the strain energy when compared with the case where the shap e deformation might be an invariant–line strain.

The mechanism of transformation outlined above is valid for martensite, bainite and Widmanst¨atten ferrite, though there are subtle differences. It is not appropriate here to discuss these in detail, but some of importan t characteristics are highlighted in Table 1. We shall now proceed to relate mechanical properties to the mechanism of transformation.

QUANTIT ATIVE FRA CTURE TOUGHNESS

Much of the literature about toughness tends to focus on micromechanisms, test metho dology or procedures for using experimental data in design excercises. By contrast, there is very little work on the prediction of the energy absorb ed during fracture. This difficult y is illustrated by some basic concepts of fracture mechanics. The critical value K^{I C} of the stress intensit y which must be exceeded to induce rapid crack propagation is the product of two terms

K^{I C} = stress × distance_12 (2) where the stress is a fracture stress σ^F which can measured independently using notched tensile specimens. It can be related to the microstructure via [9,10]:

σ^F ∝ � Eγ^p π(1 − ν_2)c � 1^2 (3) 4

Fig. 7: (a) Transmission electron micrograph of a mixture of bainitic ferrite and stable austenite. (b) Optical micrograph of upp er bainite in an Fe–0.43C–

3Mn–2.02Si wt% showing the blocks of retained austenite between sheaves of bainite.

microstructure (Fig. 7b). The blocks are relativ ely unstable and transform into high–carb on, untemp ered, brittle–martensite under the influence of stress. These large “inclusions” render the steel brittle. They are a direct consequence of the mechanism of transformation. We have noted earlier that bainite grows without diffusion (although the excess carbon is then redistributed). The transformation therefore becomes thermo dynamically impossible once the austenite composition reaches the T_′^0 curve of the phase diagram (Fig. 9). At this point, austenite and supersaturated bainitic ferrite of the same chemical composition have the same free energy. If, on the other hand, the bainite formed with its equilibrium composition, then the transformation could continue until the austenite achieves its equilibrium composition given by the usual Ae3 curve of the phase diagram, and the blocky regions of high carbon austenite would be consumed, giving a tough steel.

The fact that bainite growth is without diffusion causes large regions of austenite to remain untransformed, no matter how long the sample is held at the transformation temp erature. The blocky regions of austenite can be eliminated by promoting further transformation to bainite, either by displacing the T_′^0 curve to larger carbon concentrations, or by reducing the average carbon concentration. The former can be accomplished by modifying the susbtitutional solute content of the steel (i.e. the phase stabilities).

Figure 8 shows the impact transition curves of three steels, the first (Fe–0.4C–3Mn–2Si wt%) has large quantities of blocky austenite (Fig. 7b) and very poor impact toughness at room temp erature. The nickel–containing steel has a T_′^0 curve which is at larger carbon concentrations (Fig. 9a); the Fe–0.2C–3Mn–2Si steel has half the carbon concentration of the bad steel. 8

aggaTAe3Ae1oCarbon Concentration

Temperature

Free EnergyT1

Predicted Volume Fraction

• A single set of fitting parameters for the nucleation equations (site densities and surface energies) has been found which is applicable to a wide range of power plant steels.

MICR OSTR UCTURE MAPS FOR STR UCTURAL STEELS

C Si Mn Cu V

0.18 0.18 1.15 0.09 < 0.003

P S Nb Al N

0.015 0.030 < 0.005 0.026 0.0073

Table 2: Chemical comp osition / wt%

The metho ds describ ed for creep–resistan t steels can be applied more generally. The figures that follow show calculations which illustrate how the simultaneous transformations model can be used to study the evolution of microstructure as the samples of structural steels cool [31]. The calculations are for the steel composition stated in Table 2. The phases involved in this case are are allotriomorphic ferrite, Widmanst¨atten ferrite and pearlite.

The reasonable overall level of agreement between experiment and theory is illustrated in Fig. 16, for all of the data from [32]. In all cases where the allotriomorphic ferrite content is underestimated, the Widmanst¨atten ferrite content is overestimated. This is expected both because the composition of the austenite changes when allotriomorphic ferrite forms and because its formation changes the amount of austenite that is free to transform to Widmanst¨atten ferrite.

Fig. 16: A comparison of the calculated volume fraction versus experimen tal data reported by Bodnar and Hansen [32] . All of the generally recognised trends are repro duced. The amount of Widmanst¨atten ferrite clearly increases with the austenite grain size, and with the cooling rate within the range considered. Bodnar and Hansen [32] suggested also that the effect of cooling rate on the 15

Ackno wledgmen ts: David Naylor organised the physical metallurgy part of the materials congress. I would like to thank him sincerely for inviting me to talk about transformations in steels.

REFERENCES

[1] Bhadeshia, H. K. D. H., Pr ogress in Materials Scienc e 29 (1985) 321–286.

[2] Christou, A. and Bro wn, N., Journal of Applie d Physics 42 (1971) 4160–4170.

[3] Giles, P. M., Longen bac h, M. H. and Marder, A. R., Journal of Applie d Physics 42 (1971) 4290–

4295.

[4] Christian, J. W., The ory of Transformations in Metals and Alloys, Pergamon Press, Oxford,

(1965)

[5] Wechsler, M. S., Lieb erman, D. S. and Read, T. A., Trans. A.I.M.M.E. 197 (1953) 1503–1515.

[6] Bowles, J. S. and Mac kenzie, J. K., Acta Metal l. 2 (1954) 129–137.

[7] Wayman, C. M. and Bhadeshia, H. K. D. H., Physic al Metal lur gy, eds. R. W. Cahn and P. Haasen,

North Holland publishers, Amsterdam (1997) 1508–1554.

[8] Bhadeshia, H. K. D. H., Bainite in Ste els, Institute of Materials, London (1992) 1–458.

[9] D. A. Curry and J. F. Knott, Metal Scienc e 1, (1978) 511.

[10] Knott, J. F., Micr ome chanisms of Fractur e and Their Structur al Signific anc e, Second Griffith

Conference, Institute of Materials, London, (1995) 3–14.

[11] Bowen, P., Druce, S. G. and Knott, J. F., Acta Metal lur gica 34 (1986) 1121–1131.

[12] Bhadeshia, H. K. D. H. and Edmonds, D. V., Metal Scienc e 17 (1983) 411–419.

[13] Bhadeshia, H. K. D. H. and Edmonds, D. V., Metal Scienc e 17 (1983) 420–425.

[14] Honeycom be, R. W. K. and Bhadeshia, H. K. D. H., Ste els, Edw ard Arnold, London (1995) 302–

318.

[15] Miihkinen, V. T. T. and Edmonds, D. V., Materials Scienc e and Technolo gy 3 (1987) 422–431.

[16] Miihkinen, V. T. T. and Edmonds, D. V., Materials Scienc e and Technolo gy 3 (1987) 432–440.

[17] Miihkinen, V. T. T. and Edmonds, D. V., Materials Scienc e and Technolo gy 3 (1987) 441–449.

[18] H. K. D. H. Bhadeshia, Futur e Developments of Metals and Cer amics, eds J. A. Charles, G. W.

Green wood and G. C. Smith, Institute of Materials, London (1992) 25–74.

[19] Watson, J. D. and McDougall, P. G. , Acta Metal l. 21 (1973) 961–973.

[20] Sandvik, B. J. P., Metal lur gical Transactions A 13A (1982) 777–800.

[21] Swallo w, E. and Bhadeshia, H. K. D. H. , Materials Scienc e and Technolo gy 12 (1996) 121–125.

[22] Wayman, C. M., Intr oduction to the Crystal lography of Martensite, Macmillan, New York (1964)

[23] Dunne, D. P. and Wayman, C. M., Metal lur gical Transactions 2 (1971) 2327–2341.

[24] Daigne, J., Guttman, M. and Na ylor, J. P., Materials Scienc e and Engine ering 56 (1982) 1–10.

[25] Hehemann, R. F., Phase Transformations, ASM, Metals Park, OH (1970) 397–432.

[26] Bhadeshia, H. K. D. H. and Edmonds, D. V., Acta Metal lur gica 28 (1980) 1265–1273.

[27] Ka jiwara, S., Philosophic al Magazine A 43 (1981) 1483-1503.

[28] Ship way, P. and Bhadeshia, H. K. D. H., Materials Scienc e and Technolo gy 11 (1995) 1116-1128.

[29] Christian, J. W., The ory of Transformations in Metals and Alloys, Part 1, 2nd edition, Pergamon

Press, Oxford, (1975)

[30] Robson, J. D. and Bhadeshia, H. K. D. H., Materials Scienc e and Technolo gy 13 (1997) 631–639

[31] Jones, S. J. and Bhadeshia, H. K. D. H., Acta Materialia 45 (1997) 2911–2920.

[32] Bo dnar, R. L. and Hansen, S. S., Metal lur gical and Materials Transactions A 25A (1994) 763–773.

17