Face-centred cubic metals deform by slip until the flow stress and dislocation density are very high, under certain conditions deformation may then proceed by twinning. The geometrical relation between the parent and twinned lattices has been studied in detail (1, 2). In the present work, the dislocation substructures in the parent and twinned portions of the samples were examined in thin foils cut from deformed Cu-8 at. % Al alloy crystals. The data confirm the theoretical predictions, and offer an explanation of some formerly puzzling observations. Consideration of the dislocation transformations indicates that twinning should result in an increase in strength of the material ; this question is also examined.

■ INTRODUCTION

Deformation twinning has been observed in pure fee metals deformed at very low temperature and in some alloy crystals at higher deformation temperatures. The pre-existing dislo cation substructure in a deformed crystal must transform during mechanical twinning ; this has been discussed in detail by Christian [START_REF] Christian | The theory of transformations in metals and alloys[END_REF] and by Christian and Mahajan (2).

Twinning occurs by a homogeneous shear on the conjugate plane, [START_REF] Christian | The theory of transformations in metals and alloys[END_REF][START_REF] Christian | Deformation twinning[END_REF][START_REF] Shyne | Dislocations in martensite inhe rited from austenite[END_REF][START_REF] Venables | The electron microscopy of deformation twinning[END_REF](5)(6)[START_REF] Basinski | Dislocation mechanisms for twinning in bee and fee crystals[END_REF](8)(9)(10)(11), in the [121] direction. The resultant transfor mation of crystal planes and directions is described conci sely by operation of the correspondence matrix (see [START_REF] Christian | The theory of transformations in metals and alloys[END_REF])
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Any plane normal, n M , or vector, v M , in the parent crystal structure (the matrix) will be transformed into a plane nor mal, nr, or direction, vr, in the twinned lattice according to the relations v T :::: Cv M n T :::

: n M C-1 [2] [3]
The transformations of dislocations of the twelve slip sys tems of the parent lattice are given in table I.

As shown in this table, the twinning plane K 1 , which is the conjugate plane in the parent crystal, is unchanged, as is the K 2 plane (the critical plane of the parent lattice). Thus, these planes remain close-packed and contain dislocations whose 

Matrix dislocation Twin dislocation

Vectors Plane Vectors Plane 

a/2[011J a/2[0-1-1 J a/2[101] (11-1) a/2[0-20] (-200) a/2[1-10J a/2[0-11J a/2[011J a/2[0-1-1 J a/2[111J K 1 (1-11) a/2[-1-10J (1-11) a/2[10-1 J a/2[-101J at2[0-11 J a/2[1-1 OJ a/2[1-1 OJ K 2 (111) a/2[0-11 J (-1-1-1) a/2[10-1 J a/2[-101J at2[0-11 J a/2[1-1 OJ a/2[101] (1-1-1) a/2[0-20] (002) a/2[11 O] a/2[-1-10J

■ EXPERIMENTAL DETAILS

The Cu-8 at. % Al crystals, oriented for single glide, had ini tial dimensions of 3 mm x 3 mm x 70 mm, tens_ ile axis along

[541], and one set of faces parallel to the cross glide plane, 

■ RESULTS AND DISCUSSION

Transformation of the dislocation substructure

Figure 1 shows that at the onset of twinning in Cu 8 at. % Al, the tensile stress was approximately 250 M Pa and the crys tal elongation was over 70 %. The combined optical, X-ray and transmission electron microscopy observations confir med that, as expected, the conjugate (twinning) plane and direction were unchanged and that other planes and direc tions in the parent structure were transformed according to the data in table I.

To observe both the twinned and untwinned dislocation sub structures, foils for electron microscopy were cut from the twin interface region of the crystal. Foils of two different orie�t. ations were prepared : +----A----!----+---+---- -foil plane parallel to the cross glide plane of the parent crystal (matrix), and therefore to (-115) in the twin ;

foil plane parallel to the critical plane in the parent, and therefore to (-1-5-1) in the twin.

The electron micrographs may be interpreted with the help of figures 2, 3 and 4. The operation of the correspondence matrix is illustrated geometrically in figure 2, which shows the parent Thompson tetrahedron ABCD and the twinned configuration ABC T D and clearly shows the undistorted K 1 (twinning) and K 2 planes. Figure 3 shows the parent and twin in stereographic projection ; the poles of slip planes in the parent (fig. 3a) are denoted by A, (111) (i.e. K 2 ) ; B, (11-1); C, (1-11) (i.e. K 1 ); D, (1-1-1), and in the twin (fig. 3b) by A T , (-1-1-1); BT, (-200); er, (1-11) (i.e. K1); or, (002). Figures 4a and4b, constructed from the projections, show the relative geometrical arrangement of features in the un twinned and twinned material in the foil plane for the two foil orientations. inclined to the foil plane, and the analysis outlined in figure 9, shows that they are Frank dislocations, a/3 [START_REF] Christian | The theory of transformations in metals and alloys[END_REF][START_REF] Christian | Deformation twinning[END_REF][START_REF] Shyne | Dislocations in martensite inhe rited from austenite[END_REF][START_REF] Venables | The electron microscopy of deformation twinning[END_REF][5][6][START_REF] Basinski | Dislocation mechanisms for twinning in bee and fee crystals[END_REF][8][9][10][11], lying along the line of intersection of the parent primary plane and the twinning plane. This type of dislocation has been noted previously in the literature [START_REF] Venables | The electron microscopy of deformation twinning[END_REF]. Analysis showing that the faults associated with these dislocations were extrinsic will be published elsewhere (5).

Although there has been some speculation about how this particular Frank dislocation might originate (4), a plausible explanation is that it is a direct product of twinning in a low stacking fault energy lattice. It has been shown that the pole mechanism proposed originally by Cottrell and Bilby (6) for At the onset of twinning the total dislocation density is extre mely high, there will be large numbers of primary disloca tions gliding under very high applied stress, these will even tually encounter a twin boundary, which will form a strong obstacle. The primary dislocations will be pressed against such boundaries thus creating an abundance of segments aligned along the twin interlace, [011]. When the twin front advances, these dislocations will be effectively trapped in the twinned material. In the twinned substructure, dislocations are arranged in dense layers lying on the twinning plane separated by slabs of much less densely dislocated lattice. This arrangement is compatible with the observed stepwise advance of the twin ning front and the associated jerky flow occurring during twinning (see fig. 1). Each drop in load corresponds to trans formation of one slab of material into twin orientation.

The strength of twinned material

Dislocations with Burgers vector a/2[101] lying in the parent primary and cross glide planes are transformed by twinning into segments with a[0-10] Burgers vector lying in {100} planes, glissile dislocations are thus converted into sessile configurations. Other dislocations in these planes also become less glissile after twinning (see table 1-A profound change in mechanical properties would thus be expected to result from twinning. That there is an increase in hardness resul ting from twinning could also be deduced geometrically from the fact that the twin is stable in spite of an appreciable decrease in specimen cross-section. Microhardness num bers in Vickers units from the matrix and twinned material were 16-19 and 41-43 respectively, indicating that an appre ciable increase in hardness indeed occurred. Microhardness data for Cu-4 at. % Al crystals of double glide orientation deformed at 77 K indicate that twinning leads to increased hardness in this case also.

( 1 - 1 - 1 )

 111 . Twinning occurred in the late stage of deformation in tension at room temperature. The onset of twinning was marked by a sudden load drop and could be observed visually by watching the sur1ace markings. The occurrence of twinning was verified by X-ray and optical examination and by electron microscopy. The tensile test was usually stopped when the twin front had progressed to the middle of the gauge length. Thin foils for examination in the electron microscope were prepared from regions containing either both parent and twin or fully twinned areas of the sample. Microhardness measurements were pertormed on the twin ned and untwinned portions of the sample.
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 1 Figure 1. -Load-strain (a) and stress-strain (b) relations of the Cu-8 % Al single crystal with <541 > initial orientation deformed at room temperature.

Figure 1 .

 1 Figure 1. -Courbes force-deformation (a) et contrainte-d0formation {b) pour des monocristaux d'orientation initiate <541 > d9formes a la temperature ambiante.

Figure

  Figure 5a is a micrograph taken from a foil cut parallel to the parent cross glide plane ; it is clear that the correspondence of the traces of planes, as demarcated by high densities of dislocations, change direction across the twin interface as shown in figure 4a. Similarly, in figure Sb, which is from a foil cut parallel to the parent critical glide plane, the prominent directions correspond to those in the diagram in figure 4b. The observed character and spatial arrangement of disloca tions resulting from twinning are thus as predicted by the theory.

Figure 2 .

 2 Figure 2. -Geometrical representation of the twin-matrix dislocations. ABCD represents Thompson tetrahedron of the parent crystal. ABC T D represents distorted configuration of the Thompson tetrahedron after twinning deformation. AC represents primary slip dislocations a/2{1011(11-1) in the matrix. ACT represents cube dislocation a{0-101(-200) in the twin.

Figure 2 .Figure 3 .

 23 Figure 2. -Representation gfiomBtrique des dislocations d'interface macie-matrice. ABCD repr0sente le tetraSdre de Thompson du cristaJ mere. ABC T D correspond a la configuration d8form8e du tBtraedre de Thompson apres mac/age. AC reprBsente Jes dislocations a/2(1O11(11-1) du systeme de glissement primaire de la matrice. AC T represente une dislocation « cubique" a[0-10]/-200) de la macle.

Figure 3 .Figure 4 .

 34 Figure 3. -Projections stereographiques de la relation d'orientation entre mac/e et matrice utilis0es dans /'analyse MET. A= /111), B = /11-1), C = /1-11), D = (1-1-1) sont /es pO/es des plans de glissement de la matrice, transformes /ors du mac/age en AT= /-1-1-1), a r = /-200), er= (1-11), o r = /002). F A = [-1-5-1] et F 0 = [-115] sont /es normales aux lames dans le reseau de la macle, respectivement paral!Bles au plan de glissement critique A(111) et au plan de gHssement devie 0(1-1-1) du cristal-mE!re.

Figure 4 .

 4 Figure 4. -Analyse de fa trace sur !es cliches MET des plans de glissement de la matrice et de la macle pour /es deux orientations de lames: F A = [-1-5-1) (a) etF 0 =[-115]/b}.

Figure 6

 6 Figure 6 shows large numbers of features lying parallel to the traces of the twinning plane, and since this is also the reflecting plane, their Burgers vectors must have a non-zero component perpendicular to the twinning plane. The lower magnification micrograph (fig. 8) shows that these disloca tions are a prominent feature of the twin substructure. The characteristic contrast oscillations indicate that they are

Figure 5 .

 5 Figure 5. -Micrographies eJectroniques en fond clair, obtenues dans le cas de lames paral/0/es au plan de glissement dSvie (a) et au plan de glissement critique (b) de la matrice, et montrant la geometrie du cisaillement de mac/age.

Figure 6 .

 6 Figure 6. -Micrographie sous faible faisceau de la structure de dislocations du cristal mac/0. Les dislocations a [0-10] sont reperees par des t/8ches. La normale a la lame est F A = [-1-5-1].

Figure 8 .

 8 Figure 8. -Dark-field, two-beam electron micrograph taken with g = [11-1], showing the dislocation substructure of the deformation twin. Foil normal F 0 = [1-15].

Figure 8 .

 8 Figure 8. -Micrographie Blectronique en champ taite avec g = [11-1] et montrant la structure de dislocation de la mac!e de deformation. Normale a la lame: F 0 = [1-15].

Figure 7 .

 7 Figure 7. -Weak-beam analysis of the cube dislocations in three different operating reflections : g = [-11-1] (a), g = [00-2] (b), g = [200] (c). Foil normal F A = [-1-5-1]. Note the only possible dislocations which are visible in g = [-11-1] (a) and vanish when g = [00-2] or g = [200] (b, c) are those with a[0-1 OJ Burgers vector.

Figure 7 .

 7 Figure 7. -Analyse sous faible faisceau des dislocations « cubiques » au moyen de trois reflexions diff0rentes: g = [-11-1] (a), g = /00-2} (b), g = /200] (c). Normale a la lame: F A = [-1-5-1]. Noter que /es seu/es dislocations qui sont visibles avec g = [-11-1 J (a) et qui disparaissent avec g = /00-2} ou g = /200] {b, c) sont eel/es qui ont pour vecteur de Burgers a [0-10].

Figure 9 .

 9 Figure 9. -Dark-field, two-beam analysis of Frank a/3 [1-11] dislocations marked by arrows. Foil normal Fa [-115]. Tho dislocations are visible in g � [1-11], g = [020] and g = [200] operating reflections (a, b, c) and exhibit a residual contrast in the g [220} reflection, due to their pure edge character (d).

Figure 9 ,

 9 Figure 9, Micrographie en champ sombre utitisBe pour !'analyse des dislocations de Frank a/3[1-11] reperiies par des fleches. Lame normale F D = [-115]. Les dislocalions sont visib/es pour g [1-11], g = [020} et g = /200} (a, b, c) et conservent un contraste residue/ pour g [220] a cause de leur caractere de dislocations-coin pures (d).

Figure

  10is a diagramatic repre sentation of this process. It should be emphasised that this dislocation can split into an extrinsic Frank and two Heidenreich-Shockley partials, which lowers its energy, only when it lies along the [011] direction. In this way, the nume rous extrinsic Frank dislocations observed are an expected consequence of the twinning operation.

  Figure 10. -Cross-section of a superjog showing the formation of exlriusk: Frank dislocation by dissociation of an a[0-1 O] dislocation.

Figure 10 .

 10 Figure 10. -Representation en coupe d'un super-cran. Formation de dislocations de Frank extrinseques par dissociation d'une dislocation a[0-1 OJ.
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	Burgers vectors lie in close-packed directions. However, all dislocations lying originally on the primary and cross glide planes will, after twinning, lie on {100)-type planes and thus be sessile. The primary Burgers vector, a/2[101], becomes a[0-1 0]. Under favourable conditions, dislocations in the twin may split into partials.
	The above outline indicates that twinning results in a pro

found change in dislocation properties. In fee crystals, where

  

	twinning occurs late in the deformation, the dislocation den sity at the onset of twinning is of the order of 10 15 m.m• 3 . Conversion of some close-packed planes into {100)-type planes should render the dislocations lying in these planes

sessile. Also, the increase in length of the Burgers vector of

  

	parent primary dislocations from a/2[101] to a/2[0-20] may

make these dislocations stronger obstacles for other

  

	dislocations. It might therefore be expected that twinning should lead to increased strength. Shyne and Nix (3) have

considered the analogous case of the martensitic transfor mation

  in steel, and concluded that the high strength of mar

tensite is due, at least in part, to the sessile nature of some

  

	of the dislocations inherited from austenite. In the present work, the dislocation substructure and mechanical proper

ties of the parent and twinned material are discussed.

  

	Crystals of Cu-8 at. % Al were chosen as a convenient expe rimental material since they twin during deformation at room temperature.
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