Topology of Grain Deformation

S. B. Singh and H. K. D. H. Bhadeshia University of Cambridge Departmen t of Materials Science and Metallurgy Pembroke Street, Cambridge CB2 3QZ, U.K.

ABSTRA CT

The deformation of a polycrystalline material leads to changes in the amount of grain surface and grain edge per unit volume. These parameters are of importance in kinetic theory since both surfaces and edges are heterogeneous nucleation sites. We present here a metho d for calculating changes in the surface area and edge per unit volume as a function of common deformations encountered in the production of steels. Unlike previous analyses, each grain in the undeformed material is represen ted by a tetrak aidecahedron, a shap e which is a realistic represen tation of equiaxed grains. There are some interesting results which are compared against previous work.

INTR ODUCTION The hot deformation of steel in its austenitic condition is the most common way of processing large quantities of material into the final shap e. The deformation has the dual purp ose of producing the required shap e and of refining the microstructure. During hot deformation, the austenite undergo es repeated recrystallisation, each such event leading to a smaller grain size. In the final stage of processing, the austenite is frequently left in a deformed state with a “pancak ed” grain structure since this enhances the possibility of obtaining a very fine ferrite grain structure [1]. The production process describ ed here in fact has many variants, including controlled–rolling, thermomec hanical controlled processing etc. but they all involve the transformation of deformed austenite.

The development and manufacture of steel by controlled–rolling is a very complicated process. There is, therefore, considerable research throughout the world to produce kinetic models dealing with the transformation of deformed austenite [1–7], as an aid to the design of steels. Homogeneous deformation leads to an increase in the grain surface and grain edge per unit volume but there is no change in the number of grain corners per unit volume. Since surfaces, edges and corners are all heterogeneous nucleation sites, any change in their number density must be taken into account in the kinetic model.

Umemoto et al. [2]estimated the change in the surface area of austenite grain surface per unit volume by represen ting the grains as spheres, each of unit radius. Rolling deformation changes the sphere into an ellipsoid with axes 1, (1 − p) and 1/(1 − p), where p is the rolling reduction given by the change in thickness divided by the initial thickness. The surface area of the ellipsoidal grain is given by

A = �_{1/1− p}

− 1/1− p

[{4x

�_{π /2} 0 � 1 − (2p − p^2) sin^2 θ dθ} × � x^2(1 − p)^6 1 − x^2(1 − p)^2

+ 1] dx (1)

which can be compared against the surface area of the original sphere as 4π. The metho d is a useful approximation but spheres are not space–filling and do not have edges. We present here some calculations for the changes in surface and edge densities as a function of strain for grains which are initially in the form of Kelvin’s space–filling tetrak aidecahedra. This is probably the most realistic simple shap e for equiaxed grains [8].

THE METHOD The deformation of a shap e as complicated as a tetrak aidecahedron can be considered by represen ting each corner with a vector whose origin is conveniently chosen. The deformation itself can be describ ed by a 3 × 3 deformation matrix [9], which operates on each vector in turn to generate a set of new vectors defining the new shap e. Thus, a vector u becomes a new vector v as a consequence of a homogeneous deformation S:

v = Su = � � b 0 0 0 d 0 0 0 c

� � � � u_1 u_2 u_3

� � (2)

where u_i are the components of u, and b, d and c are the principal distortions (ratios of the final to initial lengths of unit vectors along the principal axes). Therefore, ln{b}, ln{d} and ln{c} are the true strains along the three principal axes of the deformation. Since all practical deformations involve shears only, there is no change in volume so that the determinan t of S must be unity. It follows that bcd = 1. Rolling involves plane–strain deformation with d = 1 and bc= 1.

RESUL TS A tetrak aidecahedron has 14 faces consisting of 8 hexagons and 6 squares (Fig. 1). The resulting 36 edges each have a length a. The edges can be represen ted by just six non–parallel vectors

-2.50 -1.25 0.00 1.25 2.50 1 2 3 4 5 6

True strain

A/A 0 or l/l 0

Area

Edge length

0.00 0.25 0.50 0.75 1.00 1.25 1.50 2 3 4 5 6

True strain

S V / m-1

Tetrakaidecahedron

Sphere [2]

of strain along the rolling direction. A negativ e value of the strain implies an anti–rolling deformation beginning with an equiaxed grain structure. The increase in the edge length is approximately the same as that in the surface area. The negativ e value of strain signifies a compression along the third direction (c < 1). The increase is roughly symmetrical for the positive and negativ e values of strain, though equations 3 and 4 show that it cannot be precisely symmetrical. Comparison with the results of Umemoto et al. [2]in Fig. 2b shows that the tetrak aidecahedron naturally starts off with a larger surface area per unit volume when compared with a sphere. However, the rate at which S^V increases with strain is comparable for the two shap es. It should be noted that to enable a valid comparison, the volumes of the tetrak aidecahedron and sphere have been set to be equal for the calculations presented in

Fig. 2b. Therefore, the dimension a is set at unity and 1.393 for the tetrak aidecahedron and sphere respectively.

Fig. 2: (a) Increase in the surface area and the edge length of a tetrak aidecahedron as a function of strain along the rolling direction, during plane–strain deformation. A negativ e value of strain implies an anti–rolling operation. (b)

Comparison of the surface per unit volume (S^V ) for the tetrak aidecahedron and sphere, assuming that a = 1 m for the former and a = 1.393 m for the sphere. 4

-2.50 -1.25 0.00 1.25 2.50 1 2 3 4 5 6

True strain

A/A 0 or l/l 0

Area

Edge length

Another type of deformation common in the processing of steel is wire drawing or rod rolling, characterised by b = c. The results for this are illustrated in Fig. 3, where the strain on the horizontal axis is along the radial direction (i.e. normal to the drawing direction).

A positive strain therefore implies an anti–dra wing operation but always beginning with an equiaxed grain structure.

Fig. 3: The increase in the surface area and the edge length of a tetrak aidecahedron as a function of strain along the radial direction, during a wire drawing operation. A positive value of strain implies an anti–dra wing operation.

It is interesting to compare the results illustrated in Figures 2 and 3. In both rolling and drawing, the main change in length is along the rolling or drawing directions respectively.

Therefore, the rate at which the edge increases with strain is found to be similar for both deformations. The rate at which area increases with strain is larger for drawing deformation, because there is zero strain along one of the principal directions during plane–strain rolling deformation.

Fig. 4 shows the shap e of the tetrak aidecahedron after a plane–strain deformation and after a wire drawing type of deformation. These were generated from the coordinates of the vertices of the original tetrak aidecahedron using equation 2. The shap e in Fig. 4b appears asymmetrical because the starting shap e of the tetrak aidecahedron is not symmetrical relativ e to the x–axis (the drawing direction) as is evident in Figure 1.

CONCLUSIONS

Rigorous relationships have been derived for the increase in the surface area and edge length when equiaxed grains, idealized as space–filling tetrak aidecahedra, are homogeneously deformed. This information should be of use in the modelling of transformation kinetics for 5

4. Y. Saito, M. Kimura, M. Tanaka, T. Sekine, K. Tsub ota and T. Tanaka: Kawasaki Steel Technical Report No. 9, (March 1984) 12–21.

5. E. Essadiqi and J. J. Jonas: Metallurgical Transactions A, 20A (1989) 987–998. 6. E. Anelli, S. Amato, P. E. DiNunzio: Mathematic al model for phase transformation of deformed austenite, Europ ean Steel and Coal Community report 7769R, Centro Svilupp o Materiali, Italy, (1991) 7. M. Umemoto, A. Hiramatsu, A. Moriya, T. Watanab e, S. Nanba, N. Nakajima, G. Anan and Y. Higo: ISIJ International, 32 (1992) 306–315.

8. J. W. Christian: Theory of Transformations in Metals and Alloys, Part 1, 2nd edition, Pergamon Press, Oxford, U. K. (1975) 332.

9. H. K. D. H. Bhadeshia: Worked Examples in the Geometry of Crystals, The Institute of Metals, London (1987) 1–100.

7