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A systematic method has been used to characterize a particular grain boundary in a 
Cu-Ni  alloy. Its multiplicity is ~ = 27a and a deviation from that orientation has been 
calculated and expressed by a small-angle rotation matrix. The deviation angle of 50' 
has been calculated by electron diffraction patterns and also on the basisof the intrinsic 
dislocation structure. These have been found to be of the same type as the matrix dis- 
locations, having also a relation to the ~ -- 27a orientation relationship. 

1. Introduction 
Different models have been proposed for the 
analysis of the structure of grain boundaries. The 
most frequently used is based on the concept of 
coincidence site lattice (CSL) [1]. The plane 
matching (PM) model gives also a good explanation 
of the problem [2]. Closely related to the latter, 
the concept of the coincidence axis direction 
(CAD) [3] is also proposed. A detailed review of 
these models has recently been published [4]. The 
identification of an observed grain boundary with 
one of these models is only possible if the relevant 
parameters are experimentally determined with a 
high degree of accuracy. 

The identification of a particular grain boundary 
with a CSL is achieved by comparison of its 
orientation relationship with those of tabulated 
CSL models. Of course, any bicrystal orientation 
relationship characterizing a grain boundary may 
be associated to a CSL relationship if a high 
enough multiplicity Z [1] and a certain deviation 
is accepted. Therefore, the maximum value of 
which is physically meaningful should be defined, 
and this is clearly not achieved so far. 

In a series of papers [5-12],  a method for the 
characterization of a bicrystal has been developed, 

the main principles of which are the following. 
First, the orientation of each crystal element of 
a grain boundary is determined in TEM by elec- 
tron diffraction patterns, using an experimental 
co-ordinate system. Possible values of Z within a 
predetermined approximation are found, in 
comparison with pre-established tables of theoreti- 
cal rotation operations characterizing CSLs up to 
Z <  100. Then, all equivalent rotation axes 
describing this bicrystal are calculated using the 
experimental co-ordinate system. This allows these 
values to be tested experimentally. In particular, 
such a rotation axis, adjusted parallel to the 
electron beam, allows an observation of identical 
diffraction patterns for both crystal elements, 
rotated by a known rotation angle. 

In this paper a grain boundary in a Cu-Ni 
alloy has been studied in detail using this method. 
The multiplicity has been determined to be 2~ = 
27a. A diffraction analysis was carried out and its 
results are in complete and perfect agreement with 
the predicted CSL model. Taking into account the 
accuracy of this determination, this example gives 
strong evidence that the existence of a grain 
boundary with a relatively large multiplicity has 
been effectively established. 

0022-2461/82/113361-10503.70/0 �9 Chapman and Hall Ltd. 3361 



2. Characterization of the grain boundary 
Long-annealed (168 h at 900 ~ C) Cu-Ni  specimens 
have been electropolished for TEM observation. 
A particular grain boundary showing a set of 
nearly parallel and equidistant dislocations, 
visible in dark-field images (Fig. 1), has been 
selected. It is clear that these dislocations are 
closely related to the structure of  the grain bound- 
ary, and that they reveal the presence of a struc- 
tural continuity "along the boundary for which 
an interpretation in terms of  CSL will be proposed. 

From the experimental co-ordinates a, 6 and 
the relevant diffraction patterns for both crystal 
elements [5], the 24 equivalent descriptions 
(rotation axes and rotation angles)characterizing 
this grain boundary have been calculated using the 
program GB1 [12]. These are listed in Table I, 
together with their instrumental co-ordinates 
a, 5, and illustrated on a stereographic projection 
in Appendix 1. Using the u, v, w values of  the 
closest to 180 ~ rotation description and the 
stereographic projection giving all the CSLs up to 

< 5 0  [8] this grain boundary may be des- 
cribed within a high accuracy as Z = 27a (180 ~ 
rotation along [5 1 1] ), as is indicated in Fig. 2. 
In a further step, the small-angle rotation matrix, 
R i, is calculated [8]. It characterizes the deviation 
of  an experimental bicrystal rotation relationship 
from a tabulated model (rotation angle for R t =  
180~ according to the relation: 

R i = R e .R t, ( l )  

where the rotation matrix 

I 0.8452 0.3723 0.3834 ] 

Re = / 0 " 3 7 3 7  - 0.9246 0 . 0 7 3 9 / ,  (2) 

L 0.3820 0.0808 - 0 . 9 2 0 6 J  

Ill 

u/v = 4 . 8 3 ~  

Figure 2 Stereographic projection showing the projection 
of 2 = 9 [411], ~ = 19 [611], ~ = 27a [511] and the 
experimentally observed bicrystal [ 511 ]'. 

is obtained from the program GB1 for the highest 
rotation angle given in Table I and the matrix 

I 23..: 10 10 1 
R t = ~ 1 0  - -25  2 , (3) 

10 2 -- 25 

describes a rota t ion of 180 ~ around the [511] 
axis. The matrix R t may be easily constructed 
using the expression for the 180 ~ rotatation matrix 
[7] and taking into account that: 

5 1 1 
a = 271/2, ~ - 271/2, 3' - 271/2 �9 (4) 

Thus, the matrix R i has the form: 

0.9999 -- 0.0033 -- 0.0144 1 

R i = 0.0033 1.0000 0.0015 , 

0.0144 -- 0.0015 0.9999 

(5) 
and describes a rotation of e -- 0.85 ~ = 51' around 
the axis 

[-- 0.10 -- 0.97 0.221 (6) 

in crystal 2 co-ordinates. 

Figure 1 Dark-field images of grain-boundary 
dislocations taken with: (a) the 022 reflec- 
tion of crystal 1, (b) the 113 reflection of 
crystal 2. 
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TABLE I The 24 equivalent descriptions of the observed'bicrystal in decreasing order of the rotation angle 

Angle u v w a 

179.80 0.96 0.19 0.20 147.67 8.40 
179.59 0.28 -- 0.68 --  0.68 --  117.28 43.77 
164.37 0.54 0.14 0.83 103.79 -- 0.83 
164.07 -- 0.83 --  0.14 0.54 14.44 -- 30.20 
163.95 0.83 -- 0.55 0.14 134.55 -- 63.00 
163.66 0.55 0.83 0.14 120.36 59.94 
157.61 -- 0.20 0.00 0.98 58.60 -- 6.72 
157.02 0.20 -- 0.98 0.00 -- 98.06 85.51 
147.70 -- 0.00 --  0.71 0.71 74.03 -- 54.65 
147.16 -- 0.50 -- 0.71 0.50 47.54 -- 74.51 
146.95 0.50 -- 0.50 0.71 101.89 -- 40.06 
123.04 0.32 0.77 0.55 98.93 42.27 
122.81 0.77 -- 0.55 --  0.32 --  143.81 77.35 
122.38 0.77 -- 0.33 --  0.54 --  153.62 47.13 
122.15 0.32 0.55 0.77 93.93 24.60 
114.86 0.16 -- 0.97 0.16 92.94 -- 86.37 
114.37 -- 0.17 -- 0.17 0.97 60.38 -- 17.95 

94.93 0.65 -- 0.38 0.66 11.82 -- 34.07 
94.65 -- 0.66 --  0.65 0.39 39.02 -- 85.34 
94.64 0.93 0.38 0.01 152.41 38.34 
94.24 0.93 -- 0.01 0.38 137.88 -- 11.82 
70.53 -- 0.24 0.25 0.94 57.83 10.22 
69.82 0.24 -- 0.94 --  0.21 --  105.32 73.07 
32.30 --  0.01 --  0.75 0.70 74.06 -- 55.54 

3. Further identification using diffraction 
patterns 

The 24  equ iva len t  desc r ip t ions  for  the  m o d e l  

= 27a as t a b u l a t e d  in [10] are p r e s e n t e d  in 

Table  II. These  are c o m p a r e d  w i t h  t he  experi-  

m e n t a l  da ta  given in Table  I. I t  appears  t h a t  a 

desc r ip t ion  exists  w i t h  a [0T1]  r o t a t i o n  axis. 

There fore ,  the  co r r e spond ing  0 2 2  re f l ec t ion  is 

c o m m o n  to b o t h  crysta l  e lements .  This  is 

i l lus t ra ted  in Fig. 3. In Fig. 3a  the  p a t t e r n  for  

c rys ta l  1 appears  to  deviate  sl ightly f rom a 111  

p a t t e r n .  Similar ly ,  in  Fig. 3b  a p a t t e r n  w h i c h  is 

nea r ly  1 1 0  appears  for  crysta l  2. Fig. 3c,  showing  

clearly the  c o m m o n  [ 0 1 1 ]  r o t a t i o n  axis, is t a k e n  

wi th in  a se lected area inc lud ing  b o t h  crysta l  

e l ements .  If ,  o n  the  o t h e r  h a n d ,  th is  d i r ec t i on  is 

ad jus ted  parallel  to  the  e l ec t ron  beam,  t w o  ident i -  

cal d i f f r ac t ion  p a t t e r n s  r o t a t e d  to  each  o t h e r  b y  an  

angle o f  31 .57  ~ shou ld  appear ,  accord ing  to  Table  

II. This  is i l lus t ra ted  in Fig. 4 showing  t h e  t h r ee  

d i f f rac t ion  p a t t e r n s  t a k e n  f r o m  crysta l  1, f r om 

crys ta l  2 an d  f r o m  b o t h  crys ta l  e l ements ,  respect-  

ively. 

The  180 ~ r o t a t i o n  axis [5 1 1 ] is also examined .  

Fig. 5a an d  b t a k e n  in  each  crys ta l  e l e m e n t  give, 

for  b o t h ,  a 1 1 4  crys ta l  o r i en t a t i on .  The  [5 1 1] 

Figure 3 The common 022-type reflection (encircled) for the I~ = 27a CSL bicrystal. The diffraction patterns are 
(a) from crystal 1, (b) from crystal 2 and (c) from both  crystals. 
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TABLE II The symmetrically equivalent descriptions of 
the I~ = 27a based on the 180 ~ description [10] 

Angle u v w Angle 

180 5 1 1 122.48 
355 

164.35 6 1 
461 
4 16 144.04 
67~1 

157.81 [05 95.31 
130 

148.41 0 T 1 94.25 
146.44 5 5 7 

5 7 5 70.53 

31.59 

u y w  

7 3 g both crystals, the vector field [dx] is used [8]: 

In order to calculate the deviation of  the 
experimental rotation axis from its exact [51 1] 
position, which is the common rotation axis for 

753 
35 7 [dx] = [ I - -  R t (Re) - '  ] [x] 2. (7) 

3 75 I f  the rotation angle for R t is 180 ~ then: 
1 16 
161 R i = R e ' R  t = I + R  s, (8) 
55g  
555 where R s is a skew symmetric matrix and 
502 
520 (Ri) -1 = R t ( R e )  -1 = I - - R  s. (9) 

[ 14 Therefore, Equation 7 becomes: 
[41  
Oil  

= R s [(:Ix] = [ I - - I + R  s] [x]2 [x]2, 

180 ~ rotation axis is shown in Fig. 5c which has 
been taken on both crystal elements. The rotation 
relationship of  an angle of  70.53 ~ for the [114] 
axes is also clearly revealed. 

It is remarkable to note that all these patterns 
have been obtained by setting the experimental 
orientation data on the value predicted by the 
calculations. 

4. Small-angle rotation matrix 
Finally, the small-angle rotation matrix of  Equation 
5 is examined. First, an application of  the program 
GB3 will give all possible CSLs that are compatible 
with the experimentally observed grain boundary 
within a predetermined orientation approximation, 
taken in this case as 8 ~ . The results for deviation 
angles smaller than this value and for Z up to 99 
are given in Table IlL The characterization with 

= 27a is by far the best, therefore the other 
models given in Table III  will not be considered 
further. 

(10) 

where: 

0 -- 0.0033 -- 0 . 0 1 4 4 ]  

R s = 0.0033 0 0.0015 . 

0.0144 - -0 .0015  0 

(11) 

By taking, from Table I, the co-ordinates of  the 
[511] experimental rotation axis, Equation 10 
becomes: 

r 0.961 ] [ -- 0.0035 

[dx] = RS/0 .194 = 0.0035 
/ 
1.0.199 0.0136 

(12) 

The vector [dx] is illustrated in Fig. 6, where 
the angle A~0 between the vectors Ix] = [Xl,X2, 
x3] and Ix + dx] = [xl + dxl,  x2 + dx2, x3 + 
dx3] may easily be determined from the relation: 

Figure 4 Diffraction patterns with the common [011] direction parallel to the electron beam; (a) crystal 1, (b) crystal 
2, and (c) superposition of the two previous patterns, showing an approximate rotation angle of 31 ~ , in agreement with 
Tables I and II. 
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Figure 5 (a) Diffraction patterns from crystal 1, (b) diffraction pattern from crystal 2, and (c) the superposition of the 
two previous patterns. The 511 reflection showing the rotation axis of the 180 ~ description is indiated by the arrow 
and the 70.53 ~ around the [114] axis by the broken lines. 

Ilaxll - - 7  A~o = 2 a r c s i n  2 (13)  

where Ildxll is the measure o f  the vector  [dx] o f  

Equa t ion  12. The calculat ion gives A r  = 0.83 ~ = 

50' .  This is also visible in Fig. 7 f rom the doubled  

5 1 1 reflections.  Precaut ions  have been taken  to 

ensure that  these two  ref lect ions have the  same 

in tens i ty  in order  to min imize  the pro jec t ion  

errors. A measuremen t  o f  the angle on the dif- 

f ract ion pat tern  gives a value o f  A~ = 0 . 8 2 ~  

49 ' ,  in agreement  wi th  tha t  calculated f rom 

Equa t ion  13. 

5. Boundary-plane characterization 
The boundary  plane is easily de te rmined  using the 

e lec t ron dif f ract ion pat terns when  the boundary  

plane is in a vert ical  posi t ion.  Dif f rac t ion pat terns 

are presented  in Fig. 8a for crystal 2 and in Fig. 

8b for bo th  crystal  e lements .  In Fig. 8a the  e lec t ron 

beam is near ly  parallel to the [010]  zone  axis, 

while for crystal  1 it  is near  [ 1 3 0 ]  as i l lustrated 

in Fig. 8b together  wi th  its schematic  extension,  

where the black dots represent  the ref lect ions o f  

crystal  1 and the open circles the ref lect ions o f  

crystal 2. The direct ion perpendicular  to the 

boundary  plane is marked  by a solid line. F r o m  

this it can be deduced  that  the boundary  plane is 

( 1 0 4 )  for crystal 2 and near  to (628)  for crystal 1. 

This la t ter  boundary  plane may  also be cal- 

culated using the theoret ical  and exper imenta l  

ro ta t ion  matrices f rom the relat ion:  

X 1  = R -1 " x2. (14) 

This gives for the theoret ical  matr ix :  

[23 lo lOlL 1 
1 1 0  - -  2 5  2 0 (Xl)th ~-~ 2~ 

10 2 - -  25 [Tj 
- -  1 0  

(15) 

and for the exper imenta l  matr ix :  

TABLE II I  Small-angle operations for s < 100 and I~ < 8 ~ according to 180 ~ description 

u v w Small angle x ~ x 2 x 3 

9 4 1 1 6A6 -- 0.01 0.66 
19 6 1 1 5.78 -- 0.02 -- 0.76 
27 5 1 1 0.85 -- 0.10 -- 0.97 
61 8 7 3 7.16 -- 0.08 -- 0.23 
67 11 3 2 7.37 0.27 --0.28 
77 9 8 3 7.62 0.27 -- 0.52 
89 9 2 2 2.63 -- 0.03 0.58 
91 13 3 2 6.67 0.24 -- 0.86 

--0.75 
0.65 
0.22 
0.97 

--0.92 
0.81 

-- 0.82 
- -  0 . 4 6  
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Figure 6 Geometrical representation for the calculation 
of the angle e. 

0.8452 0.3723 0.3834" 

(Xl~Xp= 0.3737-- 0.9246 0.0739 

0.3820 0 .0808--0 .9200 

7 .108]  

.-~ 2 . 

-- 9.865 

[il 
(16) 

Equation 16 indicates, in a good approxi- 
mation with the results of Equation 15, the 
(721-0) plane for crystal 1 and is in agreement 
with the experimental value deduced from Fig. 
8b. This shows that the boundary plane is not 

of the same crystallographic type for both crystal 
elements. 

6. Burger's vector determination 
Using contrast experiments it has been possible 
to reveal only one set of dislocations. These are 
visible in Fig. 9. Reflections of crystal 1 (a to d) 
and reflections of crystal 2 (e to h) have been 

F/gure 7 Splitting of the 511 diffraction spot, showing 
the small-angle rotation. The inset corresponds to the 
duplicated 511 and is taken with a larger camera length. 
Encircled is the transmitted beam. 

used. The dislocations run along the [7~11] 
direction for crystal 2, which corresponds to the 
[877] direction for crystal 1, as deduced from 
Equation 14. By applying the invisibility criterion, 
g.b = 0 ,  on the micrographs of Fig. 10, their 
Burger's vector has been determined. In Fig. 10a 

Figure 8 Diffraction patterns taken with the boundary plane in the vertical position. (a) 010 pattern from crystal 2, 
(b) diffraction pattern from both crystals and graphical extension where open circles represent spots from crystal 2 
and black dots spots from crystal 1, which appear to be near to the [ 130] orientation. 
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Figure 9__Dark-field images of the grain boundaryand grain-boundary dislocations: (a) to (d) reflections from crystal 1, 
(a) g = 111, (b) g = 002, (c) g = 220, (d) g = 113; (e) to (h) reflections from crystal 2, (e) g = 11 i, (f) g = 311, 
(g) g = 113, (h) g = 022. 

and b, crystal 1 is diffracting; in Fig. lOc and d, 
crystal 2 is diffracting. All the micrographs are 
taken with the electron beam close to the [0T1] 
direction, indicating a Burger's vector o f  the type 
b = rOT 1 ] and dislocations of  pure edge character. 
Its length has not yet  been determined. 

Further cOnfirmations are also given for com- 
mon  reflections in Fig. 11. The common 022  
reflection is used in Fig. 11 a, where the dislocations 
are in contrast. In Fig. l lb the common 511 
reflection is used, where the dislocations are 
invisible and a Moir6-type contrast only is detected. 

7. Discussion 
The Burger's vectors for the DSC dislocations of  a 

= 27a grain boundary are (see Appendix 2): 

1 [ 5 1  1 - -  1 
2--7- 1],~-~ [11116] and~-~ [255].  

Therefore, the [011] vector, possibly the �89 [0T1], 
is surprising. This may be formed by the following 
combination: 

2 [ 1 1 1 F 6 ] +  1 2-'7- - ~  [255] -+ [011]. (17) 
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Figure 10 Dark-field images of the grain boundary formed by reflections of the planes of the common [011] zone 
axis. (a) g = 200, and (b) g = T 11 of crystal 1. (c) g = T 11, and (d) g = 111 of crystal 2. The invisibility criterion 
is valid for all these refections. 

I t  appears in this case that  extrinsic secondary 
dislocations are not  formed and that a preference 
for the primary dislocations, which are the matrix 
dislocations, is observed. These dislocations have, 
of  course, a common Burger's vector in bo th  crystal 
elements, since their Burger's vector is parallel to 
one of  the 24 equivalent rotation axes describing 
the 27a CSL. It is suggested that this is not  an 
isolated observation. 

Fig. 12 presents a bright-field image of  the 
boundary in a vertical orientation. Some dis- 
locations are visible by the strain field they induce 
close to the surfaces. They also give rise to ledges 
in the boundary plane. 

Appendix 1 
The stereographic projection of  the experimental 
orientation relationship can be constructed using 
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Figure 11 (a) Dark-field image 
using the common 022 reflec- 
tion, grain-boundary dislocations 
and Moir6 fringes are visible; (b) 
dark-field image using the com- 
mon 511 reflection; only Moir~ 
fringes are visible. 



According to this, the rotation matrix q5 may 
be transformed using the following substitutions: 

U V W 

O~ dl/2 , ~ dr2, "y dl/2 (B1) 

d = u 2 + v  2 + w  2, (B2) 

m 
cot 2 n d  1/2 ' (B3) 

Figure 12 Stress-field contrast produced by the boundary 
dislocations. 

the spherical co-ordinates of  the 24 equivalent 
rotation axes taken from program GB1. This 
program gives also the co-ordinates of  the crystallo- 
graphic axes of  the two grains. The projection is 
illustrated in Fig. A1, where the tilt axis is shown 
and the indices of  the rotation axes are given in 
the system of  grain 2. Since the orientation 
relationship of  the two grains in this experiment 
corresponds almost to a perfect Z = 27a case the 
poles of  the rotation axes in the projection in Fig. 
A1 are characterized by their ideal indices (see 
Tables I and II). 

A p p e n d i x  2 
The DSCL for the CSL Y, = 27a has been computed 
using the modified 0-lattice [6]. 

Tilt axis 

FigureA1 A stereographic projection of the bicrystal in 
the experimental position giving: the direction of the tilt 
axis; the crystallographic axes of grain 1 (100, 010, 001); 
the crystallographic axes of grain 2 (100, 010, 001) and 
the poles of the 24 equivalent rotation axes. 

into the matrix 

b = I n ( d +  u z) urn + w m  

1 
2 n d l U V n - -  wn n(d  + v 2) 

I 
L u w n  + vm vwn -- u m  

where: 

uwn  -- pm ] 
! 

VWrl + u r n [ ,  

n(d  + w 2) 1 

(B4) 

a ~  
det (b 4dn (B5) 

m 2 + d n  2 
Z - (B6) 

O~ 

Since we know that the CSL basis [x] CSL may be 
found from the relation: 

[X]csL = q5 [xlt, (B7) 

where [x]t is the 3 • 3 matrix of  the rotation axis 
vector and two t-vectors, the problem is the choice 
of  the [x] t matrix. We may easily see that: 

det [X]csL = det (I). det [x] t (B8) 

and since det [X]csL = ~, Equations B5 and B8 
imply: 

4dn 2 
det [x]t - (B9) 

O/ 

In the present case the rotation axis is the [51 1 ] 
and the rotation angle 180 ~ that is: 

m = 0, n = 1, ~ = 52+  12+ 12 = 27 

a n d a  = 1. 

Therefore, 

det [x] t = 108. (B10) 

Thus, the determinant det [x]t gives: 

5[]) lW 2 -  W l l ) 2 ] - -  [UlW 2 -  L/2W1] 

q- [UI],' 2 - -  l,'11./2] = 108, 

(B11) 

where tl =(UlVlWl),  t2 =(u2p2w2).  By using 
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two more equations which are obvious from the 
t-lattice definition [6]: 

we may have 

5u1+ vl"t-w2 = 0 
(m2) 

5u2+v2+w2  = 0 

tl = ( o 2 g )  

(B13) 

Then Equation 7 may be expressed as: 50 ] 1L5255 
1 1 = ~-~ 28  1 

1 i" 5 1 28  

�9 2 

and by taking into account that the DSC Lattice 
for the cubic system is the reciprocal lattice of 
the CSL, the vectors 

(51 1), (1 11 1-6), (2 5 5) 

form a basis for the DSC lattice. 
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