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STRESSES IN DEFORMED CUBIC BICRYSTALS WITH A TILT <OOl> GRAIN BOUNDARY

The bicrystal composed of two anisotropic half-spaces joined by a planar infi nite boundary is uniaxially deformed in tension or compression. The additional elastic stresses due to the accom modation of elastic or plastic deformations differing in the both component crystals are calculated.

INTRODUCTION

It is well known that the mechanical properties of polycrystalline materials (e.g. yield strength, hardness, fatigue limit) depend on the grain size. The strengthening of polyorystalline materials is attributed to the grain boundaries, which act as obstacles preventing homogeneous propagation of slip bands over the whole polycrystal. How ever, in theories of mechanical properties of polycrystals the behaviour of grain bound aries which vary with the type of the boundary is not fully respected. The so-called "self-consistent scheme" proposed by Kroner [1] is often adopted. Each grain is re garded as an inclusion within the matrix of all other grains. The behaviour of poly crystal is then calculated by some adequate averaging procedure over all grains. Nevertheless, a strong dependence of the grain boundary properties on the boundary parameters such as the position of rotation axis, misorientation angle, boundary plane orientation is proved experimentally and should be considered in theories of mechan ical properties. In the case of bicrystals, the deformation is affected by a single well defi ned grain boundary and it can be easily shown in which way the behaviour of the specimen depends on the grain boundary parameters.

The elastic accommodation of plastic deformation different in the two grains was treated by Berveiller [2] for elastically isotropic bicrystals. In this paper the elastically anisotropic bicrystal with cubic symmetry of both component crystals will be investigated. Uniaxial tensile or compressive straining along an arbitrary axis lying in the boundary plane will be considered. All bicrystals are characterized by the [001] rotation axis and differ in the position of the boundary plane and also in the misorientation angles.

ADDITIONAL STRESSES

Let us consider a bicrystal composed of two elastically anisotropic half-spaces A(x2 < 0) and B(x2 > 0). They are welded together along the plane x2 = 0, which is the grain boundary plane. The bicrystal is uniaxially loaded by constant stress at infi nity. The tension or compression axis lies in the grain boundary plane and the angle contained by the deformation axis and the [001] rotation axis x3 is denoted as o:. 1'1i. 1'33 and1'13 are non-zero tensor components of applied stress while the other components of the stress tensor 1'12, 1'22 and 1'23 are equal to zero since the planes parallel to the grain boundary are stress free. Then instead of half-spaces two plates A and B of arbitrary thickness h with free surfaces x2 = ± h can be investigated.

The elastic deformation induced by the applied stress, et0 = stkzLkz and efj0 = =SfjklEk1 in the A and B separated grains, respectively (Siikl are elastic compliances), is homogeneous in both grains. We will suppose that the plastic deformation, eAp and e fJ, respectively, is also homogeneous. For only one slip system operating in each grain, the plastic def ormation can be expressed as e f/ = Bt y A, Bt = ( mfnf + + mf n1)/2, where yA is a plastic shear strain and mb nk are the components of the slip direction and of the normal to the slip plane. Similar expressions can be written for the B grain. As we are looking for the elastic response we will assume that the differences .de?j = e fj0 -et0 and .d e )i = efJe tP are small and then the Hook law can be used.

When a load is applied to a bicrystal additional stresses 'ii arise due to different response of single-crystalline parts A and B to elastic and plastic deformations. The additional stresses and corresponding strains et = stk1':1 and efj = sikl,�l respectively, must also be homogeneous. The total stress a ij is the sum of the applied and additional stresses at = Tt + J;ij and afi = Tfi + E;j, respectively.

The parts A and B must remain joined together, so the following compatibility requirements must be fulfilled at the welded boundary: 1) forces acting on the boundary must be equal

(l)
Tf2=Tf2 for i=l,2,3 since E;2 =0, 2) the total displacements in the two crystals must be equal. This condition implies the following equations for three total strain components where sii = st + sfj for i, j = 1, 3, 5 are elastic compliances in the usual two-index notation.

<001) TILT GRAIN BOUNDARIES

In this section we will consider two groups of bicrystals. First, the additional stresses will be calculated for bicrystals containing a coincidence grain boundary with the misorientation angle of 36•88°. Such grain boundaries with the normal perpendicular to [001] are generally asymmetric, only for some boundary planes of the {310} or{210} type the grain boundaries are symmetric. Second, the bicrystals with a fixed boundary plane in the A grain lying on (310Y and with a variable mis orientation angle will be studied.

The applied stress tensor depends on the magnitude of the tensile stress J; and on the angle a E11 = J; sin2 ex, E33 = J; cos2 ex, E13 = J; sin ex cos ex.

The general expression ( 4) will be analysed only for elastic deformations, i.e. we assume in this section that Aet = 0 for i,j = 1, 3.

The orientation of cube axes in the component single crystals is given by the rotation angles cpA and cpB, which determine the positions of [100] direction with respect to x 2 , the boundary normal. 

  + eti = ef 1 + ef� + efi , e�3 + e�� + e�� = e�3 + e�� + e�� , et 3 + e1 � + e1� = ef 3 + ef� + ef� . The additional stresses must fulfil a simple equilibrium equation (3) Then it follows from (1) and (3) that TA = T�2 = 0 f o r i = 1, 2, 3 and the other T;i components can be calculated from (2) and (3) using the Hook law (4)

  For the [001 J rotation axis, the s15 and s35 components are equal to zero and only the s11 component varies with the rotation angle, s11 = s ; 1 -(9/2) sin2 2cp, 9 = s; 1s; 2 -s�4/2. The other components of sii are constant and equal to the values s; i for the crystallographic coordinate systems [OIOJ, [100], [001} In our numerical calculations we used the values for Fe 3% Sis; 1 = 8•75, s; 2 = -3•356, s�4 = 8•23 all in 10-12 Pa-1, then 9 = 7•982 x x 10-12 Pa-1 and the anisotropy factor A= 2c44/(c11 -c12) = 2•94, where c11, c 1 2, c44 are elastic stiffnesses. The normal components of additional stress can then be written as (5) r 11 =sgn x 2 s; 1 QE sin2 ex , T 33 = sgn x 2 s; 2 QE sin2 ex , where and the r 13 component is equal to zero. In fig. l corresponding to the fi rst group of bicrystals, the reduced additional stresses, r11/E sin2 ex and r33/E sin2 ex, are plotted as a function of cpA for the A grain. According to (3), these stresses attain the opposite sign in the B grain. The misorienta tion angle is fi xed and therefore <p 8 = <p A + 36•88°. The grain boundaries are sym metric for cpA = -18•44° and + 26•52° and then the boundary planes in the A grain are (310Y and (2IO)A, respectively, whereas in the B grain (3IO)A and (120)n, respect ively. The additional stresses vanish for symmetric boundaries and their magnitude has a maximum for the high-indices planes in between the symmetric cases, i.e. for the boundary planes close to (14 I o)A/(23 20 0)8 or (20 23 O)A/(1 I4 O)B.
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 1 Fig. 1. The dependence of additional stress components -r11 and -r33 (full ard dashed lines respectively) on the rotation angle f/JA for various tilt grain boundaries with the constant mis orientation angle 36-88°. I: is the applied tensile stress and ix is the angle between the deformation axis and the [001] rotation axis.
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 2 Fig. 2. The dependence of additional stress components -r1 1 and -r33 (full and dashed lines respectively) on f/JA + f/JB where f/JA is a constant angle equal to -18•44°.

In fi g. 2 corresponding to the second group of bicrystals, the reduced additional stresses are plotted as a function of <pA + <pB but in this case <pA is kept constant, <pA = -18•44° and the boundary plane in the A grain is (310)A. The boundary is symmetric for <pA + <pB = 0° and 53•12°, i.e. for <pB = 18•44° and 71•56°, when the boundary planes are (3TO)B and (130?, respectively. The misorientation angles are 36-88° and 90°, respectively, that means that the latter case cor�sponds to the perfect crystal due to the four-fold symmetry of the [ 001] axis. The acfditional stresses have two different maxima for the (lIO? and (OI0)8 boundary planes; however, the magnitude of the first is much larger than of the second, as seen in fi g. 2.

CONCLUSIONS • ..i: J l

The additional stresses ri i in bicrystals with the infi nite boundary � ;ane uniaxially strained along the axis lying in the boundary are uniform in each grain and change the sign at the boundary. The magnitude of normal stresses r11 and r33 are zero for symmetric boundaries and attain a maximum for the asymni Lric (001) tilt boundaries lying in the middle between the two neighbouring symmetric boundaries. The other additional stress tensor components are equal to zero.
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