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Abstract 

High-resolution transmission electron microscopy 
(HREM) of { 111 } precipitates in an A1-Cu-Mg-Ag 
alloy has been used to confirm by direct observation 
down (110) and (211) A1 matrix zone axes that the 
structure of these precipitates in peak- and over-aged 
material is consistent with the monoclinic structure 
proposed by Auld [Acta Cryst. (1972), A28, $98] of 
a = b =  4.96, c =  8.48 A, y =  120 ° , rather than the 
hexagonal structure with a = 4 . 9 6 ,  c =  7.01 A pro- 
posed by Kerry & Scott [Met. Sci. (1984), 18, 
289-294]. Reexamination of the monoclinic structure 
suggested by Auld shows that the structure he proposes 
is in fact orthorhombic ( a = 4 . 9 6 ,  b = 8 . 5 9 ,  c =  
8.48 A), and is best regarded as a distortion of the 
structure of tetragonal 0-AI2Cu precipitates found in 
over-aged A1-Cu alloys. A detailed reanalysis of 
electron diffraction patterns from this alloy in the light 
of HREM observations confirms that this structure and 
the relative thinness of these preciptates perpendicular 
to the {111} planes can indeed together satisfactorily 
account for the extra spots and streaks in the patterns. 

1. Introduction 

Suitable heat treatments of AI-Cu-Mg alloys with high 
Cu:Mg ratios and trace additions of silver can cause 
precipitates to nucleate and grow on {111} planes as 
well as {100} planes of the aluminium matrix (Taylor, 
Parker & Polmear, 1978; Chester & Polmear, 1983), 
and the occurrence of these thin disc-like precipitates 
significantly enhances the age-hardening charac- 
teristics of such alloys. The composition range within 
which these {111} precipitates have been found to 
occur suggests that they should be formed in the 
commercial AI -Cu-Mg-Ag  alloys 201 and Avoir 
under suitable heat treatments, and indeed castings 
from such alloys are noted for their marked response to 
age hardening and for their good tensile properties (Iler, 
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1969; Taylor, Parker & Polmear, 1978). More recently, 
Brown Boveri have developed an experimental A1- 
C u - M g - A g - M n - Z r - T i  alloy for improved high- 
temperature strength and creep resistance, and the 
superior properties of this alloy over 2618 and 2219 
arise from a fine dispersion of these {111} precipitates 
(Kubel, 1986; Polmear, 1986). It is therefore of interest 
to determine why it is energetically favourable for the 
{111} precipitates to form in these alloys and, from a 
knowledge of their structure and chemical composition, 
to determine whether such precipitates can be expected 
to occur in other aluminium alloy systems. 

The role of the silver and the requirements of a high 
Cu:Mg ratio (Chester & Polmear, 1983) in promoting 
the { 111 } precipitation is as yet unclear. Taylor, Parker 
& Polmear (1978) suggested that the precipitates 
nucleate as Mg3Ag, before growing and attaining an 
overall composition close to A12Cu. However, in 
agreement with the earlier work of Williams (1972), a 
recent study of precipitation processes in Al-rich 
A1-Mg-Ag alloys by Cousland & Tate (1986) has 
failed to isolate Mg3Ag as a precipitating phase in 
ternary alloys, even in alloys with a high Mg to Ag 
ratio. Instead, Cousland & Tate showed that the phases 
that they observed containing only Ag and Mg atoms 
were of composition MgAg (their type 1 and type 2 GP 
zones). This would suggest that the nucleation mechan- 
ism for the {111} precipitates suggested by Taylor, 
Parker & Polmear (1978)is unlikely. 

Furthermore, the structure of these precipitates is still 
a matter of debate. Auld (1972, 1986) has proposed a 
monoclinic unit cell on the basis of X-ray evidence with 
a = b = 4.96, c =  8.48 A and y =  120 °, and showed 
that this structure can be considered to be a slightly 
distorted form of the structure of the incoherent 
0-A12Cu precipitates (Guinier, 1942; Silcock, Heal & 
Hardy, 1953-1954; Laird & Aaronson, 1966). In 
contrast to this, Kerry & Scott (1984) have proposed a 
hexagonal unit cell with a = 4.96 and c = 7.01A from 
their analysis of electron diffraction patterns of peak- 
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aged samples, and were unable to index the patterns on 
the basis of Auld's unit cell. In response Auld (1986) 
has provided an example of how a reflection seen in the 
electron diffraction patterns could arise from the 
intersection with the Ewald sphere of a streak coming 
from precipitate reflections either just above or just 
below the Ewald sphere. Since the precipitates have 
been observed to be very thin along the [001] 
precipitate directions (20-30 A), Auld's suggestion of 
the way to interpret the diffraction patterns clearly 
merits further examination. 

For both of these proposed structures, the [001] 
direction in the precipitate is parallel to the cor- 
responding (111 > matrix direction defining the normal 
to the plane on which the precipitate occurs. The 
essential difference between the two proposed unit cells 
lies in the value of the 'c' parameter and its relation to 
the interplanar spacing of the { 111 } matrix planes. For 
the unit cell proposed by Auld, there is severe mismatch 
between the [001] precipitate and [111] matrix direc- 
tions, while for Kerry & Scott's unit cell there is perfect 
matching between these two directions. Kerry & Scott 
account for the thinness of the precipitates along the 
(111> matrix directions by suggesting that the pre- 
cipitates develop a series of intercellular stacking faults, 
arising from structural instabilities caused by the 
incorporation of copper into the precipitates, whereas 
the model proposed by Auld can account for the 
thinness in terms of the severe mismatch between the 
[001 ] precipitate and [ 111 ] matrix directions. 

In this paper, we report the results of a detailed study 
using both high-resolution and dark-field transmission 
electron microscopy to clarify the nature of these 
precipitates. HREM in particular offers the op- 
portunity of determining the precipitate structure by 
comparison of images with simulations for the two 
models from suitable low-index zones. In the light of 
our results, we also reexamine critically the inter- 
pretation of electron diffraction pattern data (Kerry & 
Scott, 1984) and show that they are indeed consistent 
with the unit cell suggested by Auld, although our 
reanalysis of his model shows that the conventional unit 
cell has orthorhombic rather than monoclinic sym- 
metry. We also show in a companion paper (Knowles 
& Stobbs, 1988) that our electron diffraction pattern 
analysis can be applied to the interpretation of electron 
diffraction patterns from A1-Li-Cu alloys containing 
T 1 precipitates. 

2. Structural models 

Before presenting our experimental results, it is perti- 
nent to discuss the two different models proposed for 
the {111} precipitates by Auld (1986) and Kerry & 
Scott (1984), and in particular to determine the atomic 
projections of the crystal structures down (110> and 
(211 > AI matrix zone axes, since at least one precipitate 

Table 1. Coordinates of  atoms in A uld's (1986) 
monoclinic unit-cell description of the structure of  if2 

precipitates 

Copper 

Aluminium 

x y z 
½ 0 
0 ½ 
½ 0 
0 ½ 

0 0 
0 0 
+ ] 0 

J 0 

variant will have its thin 'c' direction perpendicular to 
the projection direction in these cases. 

2.1. A uld's model 

Auld proposed a monoclinic unit cell for the {111} 
precipitates and assumed for his structure analysis that 
the main elements in the precipitates were aluminium 
and copper. The positions of the atoms in the unit cell 
that gave the best fit with the experimental X-ray data 
are shown in Table 1. Four unit cells seen in projection 
down [001] are shown in Fig. 1, from which it may be 
seen that there are mirror planes parallel to the (110) 
and ( l i0)  planes of this unit cell, in addition to the 
mirror planes parallel to (001). Furthermore, there are 
diads not only along [001 ], but also along the [ 110] and 

[OlOl 

C) Alatom atz = 0 O1AI atoms at z = ~. ~, 

C) Alatomatz=,] • Cuatomsatz=]. 

O Alatomsatz=].] 

Fig. 1. Projection of four units cells down [001] for the monoclinic 
structure for the { 111 } AI -Cu-Mg-Ag  precipitates proposed by 
Auld (1986), with the outline of the conventional orthorhombic 
unit cell indicated by thick continuous lines. Mirror planes 
parallel to the ( lI0),  (110) and (001) planes are indicated by 
dashed lines. For clarity the diad axes along I li01, 1110l and 
I0011 have been omitted. 
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Table 2. Coordinates o f  a toms in the conventional  
orthorhombic unit  cell with a = 4 . 9 6 ,  b - 8 . 5 9  and  

c = 8.48 A f o r  the s t ruc tureproposed  by A u l d  (1986) 

Space group number 69. Space group F m m m .  Origin at m m m .  

Wyckoff 
notation Symmetry x y z Occupancy 

AI(I) 8(h) mm 0 } 0 1.00 
AI(2) 8(i) mm 0 0 ~ 1.00 
Cu 8(/) 222 ~ ~ ~ 1.00 

[1i0] directions. It therefore follows that the con- 
ventional unit cell for his structure is not the 
monoclinic one proposed by Auld, but rather an ortho- 
rhombic one with a = 4.96, b = 4.96V/3 = 8.59 and 
c = 8.48 A. The point-group symmetry of the structure 
is m m m  and, since there are four lattice points per unit 
cell, the lattice type is orthorhombic F. The space-group 
symmetry is F m m m ,  No. 69 in Internat ional  Tables f o r  
X- ray  Crystal lography (1952). The atom positions of 
the AI and Cu atoms in this conventional unit cell are 
given in Table 2 using the Wyckoff  notation and the 
description adopted in Pearson's  Handbook  o f  Crys- 
tallographic Data  f o r  lntermetal l ic  Phases (Villars & 
Calvert, 1985). The monoclinic cell suggested by Auld 
has two lattice points (0,0,0) and 1 l (:,~,½) in a 
monoclinic I Bravais lattice, so that this description is 
not preferable on the grounds that it is based on a 
primitive unit cell for the structure. 

Although the unit cell proposed by Auld has 
monoclinic symmetry,  the lattice parameters conform 
to that of a hexagonal unit cell, and indeed Auld & 
Vietz (1969) used a hexagonal unit cell to index electron 
diffraction patterns in an earlier study of the structure 
of these precipitates. On this basis, the orientation 
relationship between the precipitates and matrix can be 
expressed as [00.1]t~ II [ l l l ] A I  and [10.0]~ II [ l i 0 ]AI  , 
where the subscript f~ suggested by Chester & Polmear 
(1983) is used to designate the precipitate, rather than 
the symbol 8~ suggested by Auld. Since there are four 
{ 11 1 } planes in A1 and since on any particular plane the 
[100]~ direction in the monoclinic unit-cell description 
of the precipitate structure can be parallel to any one of 
the three (211)  directions, there are 12 distinct 
orientation relationships possible between precipitate 
and matrix. These orientation relationships are 
tabulated in Table 3 for both the monoclinic and 
orthorhombic unit cell descriptions of the precipitate 
structure. For a [ l i 0 ]  beam direction in the matrix AI, 
there are six possible variants whose 'c' directions are 
perpendicular to the electron beam, three variants on 
the (111) planes and three on the (1 l i )  planes. Within 
each group of three variants, two of the variants will be 
in symmetrically equivalent orientations and will 
therefore give HREM images which will be in- 
distinguishable from one another. The third variant will 

Table 3. A 1 - C u - M g - A g  f~ precipitate orientation 
variants  

AI matrix directions 
AI matrix directions parallel to the crystal axes 

parallel to the crystal axes for the conventional 
for the monoclinic unit cell orthorhombic unit cell 

Variant proposed by Auld (1986) proposed in this paper 
designation x M YM zu Xo Yo Zo 

~,, [11~1 1~11] 11111 I]2il I ]Ol ]  I111] 
~,2 [i2i] 1ii2] 1111] [if,11] [0ill 11111 
f~ts 12111 1121] [llll 11121 11i01 [llll 
~2, [1i21 I12i] [i111 [2111 [01il 1i111 
022 [2111 [112] [illl 11211 Ii0i] [illl 
n~3 11211 12111 [i111 Ii1~1 [ii0l Ii111 
~3, 11121 I121l 1il] [~ill [0iil l i l l  
f~32 12il] 11i:21 1il1 [i7_i] II0il l i l l  
f~3s 1i2il 12111 l i l l  11i21 I1101 1i11 
f~4, [ll2l [12il 11il 12111 [0ii] 11il 
ft42 {2ill 11121 11il 112]1 11011 11il 
f~,3 112il 12111 lli] lii21 11101 lli] 

(1) f~u denotes the jth variant on the ith set of { 111 }A, planes. The 
relationships between the crystal axes of the two unit cells are as 
follows: 

Xo = xM + YM, Yo = Yta - x~a and z o = z M 

so that plane normal descriptions r7 o and flu are related through the 
formula 

~ o - -  ~u 1 • 
o 

(2) When referred to the monoclinic unit cell, the relationships 
between the indexing of different precipitate variants within the four 
distinct groups precipitating out on each set of { I 11 }At planes are as 
follows: 

f~i~: (h, k,/) 
f~i2: (h+k, -h,  I) 
f~is: (k, - h - k ,  l) 

for a given integer value of i between 1 and 4. 

have a different atomic projection and will therefore 
give HREM images which will be characteristically 
different from the two other variants. Thus, for a beam 
direction [ i l0 ]A,  the atomic projections of the pre- 
cipitate variants f ~  and f~2 correspond to Fig. 2(a) 
and the atomic projection for f~3 corresponds to Fig. 
2(b). An analogous situation holds for atomic pro- 
jections along (211)Ai directions, and the two possible 
atomic projections of the precipitates in this orientation 
are shown in Fig. 3. 

A particular feature of Auld's model of f~ pre- 
cipitates is the close correspondence of the structure 
with that of 0-A12Cu precipitates. The orientation 
relationship between the orthorhombic unit cell for f~ 
and the tetragonal 0 unit cell can be described as 

[001] 0 II [100]t~ 
1110]o II 1010]~ 
[ i l0 ]o  II [0011u 

with these vectors not only parallel to one another, but 
also corresponding to one another. Thus, the distortion 
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matrix S transforming the tetragonal 0 structure into 
the orthorhombic f2 structure is 

Fl.O16 0.0 0.0 q 
s = / 0 . 0  1.004 0.0 1 L 0.0 0.0 0.991 

in a reference orthonormal axis system parallel to the f2 
crystal axes, if one takes the 'a'  and 'c' values for (9 to be 
6.05 and 4 .55/k  respectively. Very little strain is 
therefore required to effect the formal tetragonal -, 
orthorhombic structure change. This is most readily 
seen in the atomic projection of an f~ precipitate in Fig. 
3(b), where the electron beam is parallel to a (211)A t 
direction, and would be parallel to a fourfold axis 
direction in the precipitate if the lattice parameters b 
and c of the orthorhombic unit-cell description were 
equal. 

It is therefore also relevant to compare the orienta- 
tion relationship between f~ and A1 with the orientation 
relationships between (9 and AI. A number of different 
orientation relationships have been reported between (9 

[0o~] l 
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• • • • • • 

O O O O O O O O • • • • O C u  

• • • • • • • 

• • • • • • • 
• O O O O O O O • • • • • 

• • • • • • 
O O O O O O O • • • • • • 
• • • • • • • 

BA 
la) 

• • ® • 0 @ e 

• • • • • • @ 

• ® • @ ® ~ O 

• • • Q Q ~ • 

• • • • • • o 

• • • • • • @ 

• • • • • Q • 

• • • • • • • 

• • • • • ® @ 

• • • • • • • 

• • • • • • O 

• • • ® ® ® 0 

• • 0 ® O • • 

5A 
{b) 

Fig. 2. (a) Atomic projection of the ~H and E~2 precipitate variants 
down the [il0]AI zone axis. (b) Atomic projection of the ~q13 
precipitate variant down the same zone axis. 

and A1 in both precipitation and lameUar eutectic 
systems (Guinier, 1942; Silcock, Heal & Hardy, 1953- 
1954; Laird & Aaronson, 1966; Vaughan & Silcock, 
1967; Bonnet & Durand, 1973) and these have recently 
been classified by Bonnet (1980) on the basis of 
angle/axis disorientations. For the f2/A1 disorientation, 
we can approximate the f2 structure as (9 and find the 
appropriate disorientation description for the orienta- 
tion relationship 

[110] o II [ l O 1 ] g l  
1i10]o II [1 l l ] k l  

[001] o II [i2i]A~ 

The result is a rotation of 35.26 ° about [ 110], so that 
[ll01o II [110]al, [1i0] o II [ l i l ]a l  and [001] o II [i12]a~. 
This angle/axis description is virtually identical to the 
angle/axis description given by Bonnet for a (9 pre- 
cipitate observed by Vaughan & Silcock (1967), 

I001 ] 

• © (t) Q O O © 

• ® ® Q 0 

0 0 ® £) 

0 • • O ® O O Q 

• @ Q Q 
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BA 

Fig. 3. (a) Atomic projection of the f~H and f~3 precipitate variants 
down the [211]al zone axis. (b) Atomic projection of the f2~2 
precipitate variant down the same zone axis. Note how in (b) the 
projection would have fourfold symmetry at the positions of the 
Cu atoms if the dimensions 'b' and 'c' of the orthorhombic unit 
cell were equal. 
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designated by them a Vaughan II orientation. (The 
negative sign given by Bonnet for this angle/axis 
description merely gives a different symmetrically 
equivalent description to the one we have described). 
This indicates that the structure proposed by Auld is 
best regarded as a distortion of the structure of 0-A12Cu 
precipitates, and that the orientation relationship 
between the { 111 } precipitates and the matrix Al can be 
understood as being one of the orientation relation- 
ships observed between 8 and Al, albeit not one of the 
commonly reported orientation relationships. 

2.2. Kerry & Scott 's model 

Kerry & Scott (1984) proposed a hexagonal unit cell 
for f~ with a = 4 . 9 6  and c = 7 . 0 1  A, the latter 
dimension three times the {111} interplanar spacing in 
A1. They based their structural model of the pre- 
cipitates on close registry between the (0001) 0 planes 
and (lll)A~ planes and suggested that the hexagonal 
unit cell of the precipitate could simply be considered as 
a continuation of t h e . . .  A B C A  . .. stacking sequence 
of the (111) close-packed planes in AI, but with one in 
every three A1 atom sites substituted by a Cu atom site 
to give an overall precipitate composition of AI2Cu. 
They accounted for the streaking observed in electron 
diffraction patterns by suggesting that stacking fault 
sequences such as A B C I B C A I C A B  developed in the 
precipitates because of the difficulty of incorporating 
Cu into the structure. This model therefore differs in 
two important aspects from the one proposed by Auld 
(1986). Firstly, the 'c' dimension of the precipitate is 
different, and, secondly, there are only four possible 
orientation variants of the precipitate. Therefore, we 
would expect all high-resolution images of precipitates 
from, for example, the (110)Ai zones to differ oialy if 
there are clear differences in the stacking sequences 
parallel to the [001] direction, and not because of any 
inherent difference in the atomic projection of the basic 
unit ceil of the precipitate. 

containing alloys is also similar to those of D-con- 
taining alloys [see, for example, the elecW0n diffraction 
patterns of Huang & Ardell (1987)]. Interestingly, the 
interpretation of such electron diffraction patterns has 
also been a matter of debate. It has even been suggested 
by Rioja & Ludwiczak (1986) and Eikum & 
Narayanan (1986) that these diffraction patterns 
provide evidence for a precursor phase T]. However, 
other work by Huang & Ardell (1986, 1987) and 
Cassada, Shiflet & Starke (1987) has suggested that 
some of the detail in these diffraction patterns can arise 
from streaked reflections intersecting the Ewald sphere, 
an explanation similar to Auld's (1986) for the 
interpretation of electron diffraction patterns in fl- 
containing alloys. As we show in a companion paper on 

(a) 

2.3. Comparison with other precipitate structures 

Auld & Vietz (1969) noted that the lattice dimen- 
sions of D were similar to that of the T 1 phase in 
A1-Li-Cu. This latter phase was originally charac- 
terized by Hardy & Silcock (1955-1956) to be of an 
approximate composition AI2CuLi with a hexagonal 
unit cell of a = 4 - 9 7  and c = 9 . 3 4 A .  The 'c' 
dimension is therefore almost exactly four times the 
{111 }AI interplanar spacing. TI has the same orienta- 
tion relationship with AI as the hexagonal description of 
D and also precipitates as thin platelets on {111 }AI 
planes, giving rise to streaking in electron diffraction 
patterns (Noble & Thompson, 1972; Huang & Ardell, 
1986, 1987; Meyer & Dubost, 1986; Rioja & Ludwic- 
zak, 1986; Cassada, Shiflet & Starke, 1987). The fine 
detail of the electron diffraction patterns from T 1- 

Fig. 4. (a) Electron diffraction pattern from a (211)A~ zone taken 
with 500 kV electrons. (b) Detail of (a) around 000 showing the 
faint spots at ½, ~, ½ and ½, 1, 0 type positions (arrowed). This 
portion of the diffraction pattern has been digitized and the 
visibility of the faint reflections enhanced by a simple high-pass 
filter which has the subsidiary effect of weakening the intensity at 
the centre of the A! matrix diffraction spots. 
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T~ precipitates (Knowles & Stobbs, 1988), the explana- 
tion by Huang & Ardell (1987) using a stereographic 
projection procedure is valid only for an Ewald sphere 
of infinite radius, and hence does not explain subtle 
splitting of 'spots' at high g, nor has it accounted 
satisfactorily for the spots at positions such as ½, ½, -½ 
in (211)A, electron diffraction patterns. 

In addition to this phase, a survey of other Al-based 
alloy phases in Pearson ' s  H a n d b o o k  o f  Crystal lo-  
graphic  D a t a  f o r  l n t e rme ta l l i c  P h a s e s  (Villars & 
Calvert, 1985) shows that there are a number of phases 
with the MgZn2-type structure (for example MgZn 2 
itself, AgAIMg, A1CuHf and phases in AI-Cu-Sc and 
AI-Cu-Ta)  which would also appear to have structural 
similarities with f~, if only through the magnitude of 
their lattice parameters, and again the precipitation of 
such phases in AI alloys may be worth reexamination. 

in the Cambridge University HREM for the high- 
resolution work. This latter microscope has a C s of 
2.7 mm, giving a contrast transfer function which 
extends without zeros to better than 2 A at Scherzer 
defocus. 

4. Experimental results 

Fig. 4(a)is an electron diffraction pattern from [211]AI 
and is a good example of the complexity of the 
diffraction patterns observed in this alloy system. In 
addition to the spots indicated by Kerry & Scott in Fig. 
4 of their paper in their schematic of this zone, faint 
spots are discernible at positions such as ½, ~, ~ and ½, 1, 
0. These faint spots can be highlighted by digitizing the 

3. Experimental procedure 

An alloy of composition AI-4%Cu--0.3%Mg-O.4%Ag 
by weight [one of the compositions studied by Chester 
& Polmear (1983)] was prepared from high-purity 
material by chill casting followed by hot rolling into 
1 mm thick sheets. The alloy was solution treated at 
790 K in a salt bath, after which it was cold-water 
quenched and aged for 24 h in a salt bath kept at 
440K. This composition and heat treatment was 
chosen deliberately as it has been shown to be 
particularly effective at producing the { 111 } f~ pre- 
cipitates with only minimal 0'  precipitation (Chester & 
Polmear, 1983). 

Specimens for transmission electron microscopy 
were obtained by standard electropolishing techniques 
and examined at 100 kV in a Philips EM300 for the 
dark-field and electron diffraction work and at 500kV 

(a) 

(b) 

(c) 

Fig. 5. High-resolution electron micrographs of two f~ precipitates 
labelled A and B on (111)A~ with the electron beam parallel to 
[211]^,. The HREM images from the two precipitates are 
distinctly different. AF ~ --300 A. 

(o~ 
Fig. 6. Through-focal series from the f~ precipitate labelled A in Fig. 

5. Approximate defoeus values are (a) A F = - 3 0 0 ,  (b) AF 
= --400, (c) AF = --600 and (d) AF = -800  A. 
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electron diffraction pattern and then filtering the pattern 
using a simple high-pass filter. The effect of this filter is 
to intensify those areas where the intensity changes 
rapidly and weaken those areas where the intensity 
remains constant (Fig. 4b). 

In this orientation, the (111) matrix planes can be 
imaged, but other planar spacings such as (022)Ai are 
beyond the resolution of the microscope. A high- 
resolution image at this orientation is shown in Fig. 5, 
and it is clear that the two f~ precipitates marked A and 
B have distinctly different images. It is particularly 
striking that one of the precipitates has a square image 
and one a centred rectangular image, just  as a simple 
weak-phase-object approximation would predict for the 
orthorhombic model of the precipitates (see also §6). 
Confirmation that these two precipitates do indeed have 

(a) 

symmetrically different images comes from the 
through-focal series of these precipitates in Figs. 6 and 
7. These images therefore rule out a hexagonal structure 
for the f~ precipitates. Direct measurements from the 
micrographs give an interplanar spacing of 4.2 (1)A 
for the planes in the precipitate parallel to (111)A~. This 
spacing readily correlates with half the 'c' lattice 
parameter of the orthorhombic unit cell proposed here 
in §2.1 for the f~ precipitates. While detailed image 
simulations are needed to determine whether such 
measurements accurately represent the t rue  interplanar 
spacings in the precipitates, because of their thinness, 
these images strongly support the orthorhombic struc- 
tural model, and clearly negate the model proposed by 
Kerry & Scott (1984). 

Other examples of high-resolution images from the f~ 
precipitates in this orientation are shown in Fig. 8. The 
images appeared to be very sensitive to small local 
specimen-dependent angular deviations away from 
[~11]Ai, and Fig. 8(c) is a good example of this. The 
images emphasize the thinness of the f~ precipitates in 
the [111]^1 direction and also demonstrate that the 
precipitate-matrix interfaces are planar, with very few 
interfacial steps. Furthermore,  the tendency of the 
precipitates to adopt a hexagonal plate morphology of 
the precipitates can be confirmed directly - in a (211)A~ 
orientation the electron beam is along one of the 
vertices of a hexagon for both possible symmetrically 
distinct precipitate orientations, and the sharpness of 

(b) 
(a) 

(c) 

(b) 

(cJ) 
Fig. 7. Through-focal series from the f~ precipitate labelled B in Fig. 

5. The approximate defocus values for (a)--(d) are the same as for 
Fig. 6(a)-(d). 

(c) 
Fig. 8. Further HREM images from t2 precipitates with the electron 

beam parallel to [211]^v (a) A relatively thin precipitate. 
AFm--800  A, (b) a relatively thick precipitate, AFt_--700 A 
and (e) an example of an HREM image where the specimen is bent 
and where the image changes sensitively as a function of position, 
giving an apparent randomness to the precipitate structure, 
because of the way in which different diffracted beams contribute 
to the image as a function of specimen tilt. AF .-, 900 A. Scale 
markers correspond to 50 A. 
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the interfaces perpendicular to the (lll)A~ planes 
demonstrates the hexagonal morphology. 

Fig. 9 shows a diffraction pattern from [li0]A~ at two 
different camera lengths to demonstrate the way in 
which high-order reflections in this orientation split into 
two or more spots, and to indicate the additional spots 
arising from both f~ and O' precipitation. Streaking 
along 111A~ and 11 iA~ reciprocal-lattice directions 
arises from the f~ precipitation on these planes and the 
weaker streaking along 001Ai reciprocal-lattice direc- 
tions from 8' precipitates. The streaking dies out at 
higher g values because of the finite curvature of the 
Ewald sphere. The splitting of spots at high g is of 
particular interest. As we shall show in §5, this splitting 
can be explained satisfactorily in terms of the inter- 
section of streaked precipitate reflections with the 
Ewald sphere. 

In this orientation the 111, 1 l i and 002 matrix 
aluminium reflections all contribute to the image, giving 

a two-dimensional fringe pattern in the matrix. A 
through-focal series from one particular f~ precipitate in 
this zone orientation is shown in Fig. 10. The jagged 
nature of the 'end' of the precipitate in Fig. 10(a) is a 
consequence of both the hexagonal morphology of the 
precipitate and the electropolishing process, and is not 
necessarily indicative of any structural features. As for 
the [~ll]A~ zone images, other symmetrically distinct 
images could also be obtained (Fig. 11) and again the 
interplanar spacing of the precipitate planes parallel to 
{111 }A~ were in agreement with the orthorhombic unit 
cell model for f~. 

(a) 

5 nm ~ 

(a) 

(b) 

(c) 

(b) 
Fig. 9. (a) Electron diffraction pattern from a (110)A I zone, taken 

with 100 kV electrons, together with (b) detail of the diffraction 
pattern near 000. 

(d) 
Fig. I0. HREM images of a precipitate on (111)A I with the electron 

beam parallel to [ll0]Ai. Approximate defocus values are (a) 
z t F = - 6 0 0 ,  (b) A F = - 4 0 0 ,  (c) A F = - 6 0 0 ,  and (at) A F =  
-8oo A. 
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(b) 
Fig. 11. Further HREM images from []10]^l showing images 

characteristically different from those in Fig. 10. In (a) 
AF ~_ --500 and in (b) AF _ --800 A. 

(b) 

Fig. 12. HREM image of a 0' precipitate on (001)A~, with the 
electron beam parallel to [ 110]A~. The approximate defocus value 
is A F = - - 5 0 0  A. The features on {111}^~ planes arise from 
radiation damage and are not ~ precipitates. 

(c) 

Fig. 13. (a) Bright-field image from a (li0)A~ zone with 
precipitation evident on the two {111 }Am planes whose normals 
are perpendicular to the electron beam. (b), (c) Dark-field 
electron micrographs from a streaked f~ reflection and a 'spot' at 
~, ], 1 respectively. The area shown in both (b) and (c) is the same 
as in (a). 
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lal 

For comparison with the f~ precipitates, an HREM 
image from a 8 '  precipitate is shown in Fig. 12, taken 
in the [1 i0]^~ zone axis orientation. This image is very 
different from those obtained from the f~ precipitates. 
In particular, the 0 '  precipitates are much broader than 
the f~ precipitates. There are also clear moir6 fringes 
arising from the mismatch between 111A~ and 111 o, 
reflections, and these indicate that the 8 '  precipitates are 
ellipsoidal rather than hexagonal discs, as in the case of 
the f~ precipitates. The features on {111 }A~ planes in 
this micrograph arise from radiation damage (the 
threshold voltage for electron beam damage of 
aluminium is about 170 kV) and are not nuclei of the .O 
precipitates, as they can be seen to grow under the 
influence of the electron beam. 

Although our high-resolution results clearly support 
the orthorhombic model described in §2.1, this or any 
other viable structural model for the f~ precipitates 

(b) 

(a) 

(c) 
Fig. 14. Electron diffraction patterns obtained with lOOkV 

electrons by tilting the electron beam away from [1T0]^j: (a) 
g = 11 ] systematic maintained, with the beam direction some 7 o 
from [ llO]; (b) g = l 11 systematic, with the beam direction some 
9 ° from [110]; (c)g = 220 systematic, with the beam direction 
some 7 ° from [110]. 

{b) 
Fig. 15. (a) Bright-field and (b) complementary dark-field electron 

micrographs from a ½, ½, --½ spot in a [i 11 ]^j diffraction pattern. 
Only one set of { 111 }AI planes have ~ precipitates giving rise to 
the micrograph shown in (b). 
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must also be able to account for the complexity of the 
electron diffraction patterns from this alloy. For this 
reason, a series of dark-field and electron diffraction 
experiments was performed to determine which re- 

(a) 

flections in the diffraction patterns belonged to which 
variants, and to assess the effect of tilting on the 
position of reflections in the diffraction pattern. Dark- 
field images from reflections in the [lI0]^~ zone are 
shown in Fig. 13, from which it can be clearly seen that 
the spot at ], ], 1 arises from the precipitates on both the 
( l I1)  and ( l I I )  aluminium planes, giving a ready 
explanation for the splitting of such reflections at high g 
in Fig. 9. Electron diffraction patterns obtained by 
tilting the electron beam away from [lI0]^~ are shown 
in Fig. 14, from which the tendency for the reflections 
to split into groups of two or more, as in Fig. 9, is 
readily apparent. 

Of particular interest are reflections at positions such 
as ½, ½, -½ seen in the electron diffraction diffraction 
pattern from [211]At. This reflection was not assigned 
indices by Kerry & Scott, and cannot be accounted for 
by their model, even on the basis of double diffraction. 
Complementary bright-field/dark-field images shown in 
Fig. 15 from this reflection show that it arises from the 
(II  I) set of precipitates, set D of Fig. 4 of Kerry & 
Scott (1984). To complete our experimental data, 
electron diffraction patterns were also taken from 
(001)^1, (111)^, and (3 10)Ai zones (Fig. 16). 

(b) 

(c) 
Fig. 16. Electron diffraction patterns obtained with 500kV 

electrons from (a) a (001)^l zone axis, (b) a (111)^l zone axis 
and (c) a (310)a t zone axis. 

5. Electron diffraction pattern simulations 

In order to account for the observed diffraction 
patterns, the details of the diffraction geometry perti- 
nent to both the f~ and 8'  sets of precipitates needs to 
be carefully examined, particularly in view of Kerry & 
Scott's analysis. As is well known [see, for example, 
Hirsch, Howie, Nicholson, Pashley & Whelan (1977)], 
the thinness of a feature parallel to a [pqr]* reci- 
procal-lattice direction produces a streak along [pqr]* 
inversely proportional to the thinness of the feature. 
Thus, as seen in Fig. 17, reflections with indices hkl 
which do not lie on the Ewald sphere may as a result of 
streaking intersect the Ewald sphere at a point B, 
thereby producing a spot or short streak in the 
diffraction pattern. Streaking of diffraction spots is of 
course particularly familiar in electron diffraction 
patterns, and formulae are readily available in the 
literature to account for the position of the spots, the 
lengths of the streaks and the displacement of a spot 
away from its 'true' position as a result of tilting away 
from a particular zone (Hirsch, Howie, Nicholson, 
Pashley & Whelan, 1977). 

Using the equations discussed in the Appendix, a 
computer program was written to calculate where 
streaked reflections would occur for the experimental 
electron diffraction patterns in Figs. 4, 9, 14 and 16. 
Selected results of the calculations for the matrix AI 
zones [lI01, [~11] and [0011 are presented in Tables 
4-8. The reflections listed in these tables are those from 
f~ only and satisfy the reflection conditions for the 
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Table 4. Projected streak directions of { 111 } precipi- 
tates as a function of zone normal referred to the 

cube axes of the matrix aluminium 

Streak direct ion in Projec ted  Angle  between 
Z o n e  rec ip rocN space  s t reak direct ion [pqr]* and  
[uvwl [pqr]* [p'q'r']* [p'q'r']* (o) 

1T0 111 l l l  0.0 
I l l  001 54.74 
l I l  001 54.74 
l l I  11I 0.0 

211 111 111 0.0 
I l l  111 70.53 
l I1  124 28.13 
l l I  142 28.13 

001 111 110 35.26 
I l l  I10 35.26 
l I l  l I0  35.26 
l lT 110 35.26 

appropriate Bravais-lattice description. For example, in 
the orthorhombic F unit-cell description, all the 
precipitate reflections listed have hkl all odd or all even. 
However, it should be recognized that some of the 
reflections listed such as hkl = 1 i0  M = 0~.0o, where the 
subscripts M and O denote monoclinic and ortho- 
rhombic unit-cell indexing respectively, will never- 
theless have a zero structure factor if the structure and 
chemical composition of the f~ phase conforms to the 
atoms and atom positions given in Tables 1 and 2. A 
copy of the computer program and more compre- 
hensive tabulations for both the f~ and 0' precipitate 
reflections can be obtained from the authors. 

A more visually attractive but less accurate way of 
presenting the results of the computer program is to 
plot a schematic of the expected electron diffraction 
pattern. For these schematics, such as those in Fig. 18,~ 
matrix A1 spots were plotted as large circles if they lay 
within a distance parallel to the beam direction [uvw] of 
less than 0.012 A -1 from the Ewald sphere. Precipitate 
reflections hkl were plotted if ¢ given by (2) had a 
modulus of less than 0.15 with [pqr]* = (111)* for the 
f2 precipitates or a modulus of less than 0.25 with 
[pqr]*= (001}* for the 0' precipitates. This value for 
~max for the 0' precipitates is particularly high, but 
inspection of Fig. 9(b) shows that the streaking along 
001 reciprocal-lattice directions, although faint in 
intensity because of the low population density of 0', 
is nevertheless appreciable in length. Moreover, it was 
found that having a ~max of less than 0.2 for the 0' 
precipitates could not explain the occurrence of the very 
faint ½, 1, 0 type reflections on (211)a ~ diffraction 
patterns (cfFig. 4b). 

Precipitate reflections were also plotted if the 

]" More  extensive versions o f  Fig. 18 have been deposi ted with the 
British Libra ry  D o c u m e n t  Supply  Cent re  as Supp lemen ta ry  
Publ icat ion No.  S U P  44755  (9 pp.). Copies  m a y  be ob ta ined  
th rough  The  Execut ive  Secre tary ,  In ternat ional  Union  o f  Crys ta l -  
lography ,  5 A b b e y  Square ,  Ches te r  C H  1 2 H U ,  England.  

Table 5. Predicted positions of diffraction spots and 
streaks on a [li0]A~ electron diffraction pattern for 
100kV electrons from an A1 alloy with only f~ 
precipitates present, for comparison with the experi- 

mental (110)A ~ electron diffraction pattern in Fig. 9 

PV hkl o hkl~t ~l Q ~2 B' 
f~23 020 li0 0.0 0.667 0.667 0-0 0.003 0.667 0 .667-0 .003 
f~3~ 020 ]10 0.0 0.667 0.667 0.0 -0.003 0.667 0.667 0.003 
~2z~ 220 020 0-0 1.333 1.333 0-0 0-011 1.333 1.333 -0-011 
~3~ ~20 020 0.0 1.333 1.333 0.0 -0.011 1.333 1-333 0-011 
f~2~ ITl 101-0.058 0.333 0.333 1.0 -0.054 0-333 0.333 0-996 
f~32 i i l  0 i l - 0 . 0 5 8  0.333 0.333 1.0 -0.062 0.333 0-333 1-004 
f~2 _I_31 2ii -0.058 1.0 1.0 I-0 -0-048 1.0 1-0 0.990 
~ 131 121 -0.058 1.0 1.0 1.0 -0.067 1.0 1.0 1.010 
f~2~ 202 iT2 -0.115 0.0 0.0 2.0 -0.102 0.0 0.0 1.987 
f~, 202 / i2 -0.115 0.0 0-0 2.0 -0.128 0.0 0.0 2.013 
D-2~ 22.2 202-0.115 0.667 0.667 2-0 --0.100 0-667 0.667 1.984 
~ 222 022-0.115 0.667 0.667 2.0 -0.131 0.667 0.667 2.016 
D.~ 2~12 132-0.115 1.333 1.333 2-0 -0.091 1.333 1.333 1.976 
f2~ 242 .]12-0.115 1-333 1-333 2.0 -0.140 1.333 1.333 2-025 

Nomenclature: 
PV 
hkl o 

Precipitate variant (see Table 3). 
Reciprocal-lattice vector r* = ha* + kb* + le* of  a precipitate 
reflection referred to the conventional orthorhombic unit cell described 
in Table 2. 

hkl ,  Reciprocal-lattice vector r* = ha* + kb* + le* of a precipitate reflec- 
tion, referred to the monoclinic unit cell described by Auld (1986). 

~ Magnitude of streak along g ~ ,  directions of the AI matrix for the 
streak to intersect an Ewald sphere of infinite radius, i.e. the plane 
normal to the zone axis [ l I0] .  A negative number indicates that the 
centre of the streak, i.e. the position of hkl, is inside the Ewald sphere. 

Q Point of intersection of  streak with Ewald sphere of  infinite radius 
(el. Fig. 17). 

~2 As for ~,, but for an Ewald sphere appropriate for 100 kV electrons. 
B' Point of intersection B of streak with the Ewald sphere for 100 kV 

electrons projected onto the plane perpendicular to the [ l I0]  zone 
normal (cf. Fig. 17). 

(1) For the sake of brevity, this table gives only a selection of  the 
calculated positions of the intersections of the streaks with the Ewald sphere, 
and only for one particular variant on a given set of { 111 } matrix planes. The 
indices hk! are allowed reflections for either the orthorhombic F Bravais 
lattice (h, k and ! all odd or all even) or for the non-conventional monoclinic 
l.Bravals lattice (h + k + I even), as appropriate, hkl indices of other variants 
gwmg rise to a 'reflection' at a particular point in reciprocal space can be 
obtained using procedures such as those given in the footnotes to Table 3. 

(2) The diffraction positions of variants f2, i and ~4j (J = I to 3) have not 
been tabulated, as they give rise to the streaking along [ 111]* and [ I IT]* A1 
matrix reciprocal-lattice directions. 

(3) The effective zones from which these diffraction effects arise are as 
follows: 

~)21 and ~3,: 11121o = [10T]~ 
f222 and f~32:I112] 0 = 10111M 
f~23 and ~33: I1011o = IIIlJM 

with respect to the conventional orthorhombic unit cell and the non- 
conventional monoclinic unit cell. 

(4) All the positions at which the streaks intersect the plane normal to the 
zone axis are integer linear combinations of the two reciprocal-lattice vectors 
a~* = 0.667, 0.667, 0.0 and a* = 0.333, 0.333, 1-0. For positions close to 
the origin, the indices are the appropriate linear combinations of the hk! 
indices corresponding to a* and a~', for the particular variant. The values of 
B' (the positions one would expect to observe experimentally using a 100 kV 
transmission electron microscope) cannot be calculated so straight- 
forwardly: rules such as those given in Table 6 for the non-conventional 
monoclinic I unit cell must be followed for these values. 

deviation parameter s given by (3) had a modulus of 
less than 0.06 A -~ for those cases where [pqr]* was 
almost or exactly perpendicular to the beam direction 
[uvw]. This value of s is also quite high, but was chosen 
to best reproduce the experimental electron diffraction 
patterns. Precipitate reflections were allocated streaks if 
the angle between [pqr]* and [uvw] was greater than 
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Table 6. Truth table for calculating the positions of 
other spots and streaks in Fig. 9, given the data in 
Table 5for the monoclinic unit-cell description of the 

precipitate structure 

Q, Q, Qj x~ Bx' B,' B3' 
Q~ Q ~ - Q j  -xzc B~¢' B~'-B~¢' 

-Q,  -Q ,  -Q~ -x~ c -B,c'-B~c'-B~c' 
-Q,  -Q ,  Q~ x~ -B~' -B~' B~' 

In this  tab le ,  the  coeff ic ients  o f  Q, x 2 a n d  B '  a re  g iven for  the  four  
d i f ferent  d i s t inc t  q u a d r a n t s  o f  the  e x p e r i m e n t a l  d i f f r ac t ion  pa t t e rn .  
The  va lues  in T a b l e  5 were  o b t a i n e d  for  the  q u a d r a n t  for  which  all 

coeff ic ients  o f  Q were  g r ea t e r  t han  o r  equa l  to  zero .  The  s u b s c r i p t  c 
deno t e s  c o n j u g a t e ,  i.e. for  v a r i a n t  2i, t a k e  the  va lue  a p p r o p r i a t e , t o  
the  c o n j u g a t e  va r i an t ,  v a r i a n t  3i  for  i be tween  1 and  3. 

Thus ,  for  e x a m p l e ,  the  d i f f r ac t ion  spo t  a t  1 .333,  1 .333,  - 2 . 0  on  
an Ewa ld  sphe re  o f  infinite r a d i u s  f rom v a r i a n t  21 w o u l d  be at  
1 .333,  1 .333,  - 2 . 0 2 5  with  an  x 2 va lue  o f  0 . 1 4 0  for  the  E w a l d  

sphere  a p p r o p r i a t e  for  100 kV e lec t rons .  

Table 7. Predicted positions of diffraction spots and 
streaks on a [211]A~ electron diffraction pattern for 
500 kV electrons from an alloy with only f~ precipitates 
present, for comparison with the experimental (211 )A~ 

electron diffraction pattern in Fig. 4 

PV hkl o hkl M ~, Q ~2 B' 
.Q~2 131 2/1 -0.058 l.O I.O I.O -0.061 1.OOl l.OOl I.OOl 
~)~ 131 121-0.058 1.O l.O 1-O -0.051 0.998 1.004 0.991 
f ~  131 211-0-058  1.0 1-0 1-0 -0.051 0.998 0.991 1.004 
f ~  l l i  i 0 1 - 0 . 1 0 9  -0 .  5 - 0 . 1 6 7 - 0 . 8 3 3 - 0 . 1 1 0 - 0 . 5 0 0 - 0 . 1 6 6 - 0 . 8 3 3  
f ~  III  011 0.109 0.5 0.833 0.167 0.108 0-500 0.834 0.167 
f ~  22[2 3i2 0.051 1.5 1.833 1.167 0.044 1.503 1.836 1.169 
f~3, 027. i12 0 .115-0 .667 0.0 -1-333 0 .120-0 .668  0.003 -1-340 
ft,, i l l  101 - 0 . 0 5 8 - 0 . 3 3 3  0 . 3 3 3 - I . 0  - 0 - 0 5 5 - 0 . 3 3 4  0 .330-0 .998  
f]~, 020 i l 0  0-0 0.0 0 . 6 6 7 - 0 . 6 6 7 - 0 . 0 0 1  0.000 0.667 -0.666 
f~, i i i  0 i i  0.058 0.333 1.0 -0.333 0.060 0.332 1 .002-0 .337 
f],, 022 112 -0-115 0.667 1.333 0.0 -0-111 0-665 1.327 0-003 
~]~, 2710 130 0-0 1.333 2.0 0.667 0.013 1.329 2.009 0.649 
f~, i3 i  2 1 i - 0 . 1 0 9 - 0 . 5  0.5 -1.5 - 0 . 1 1 2 - 0 . 4 9 9  0.501 -1.499 
~~2~ 131 i21 0.109 0.5 1.5 -0 .5  0-106 0.501 1.501 -0-499 
f~23 062 332 0.051 1.5 2.5 0.5 0.042 1.503 2.503 0.503 
~ 222 202 - 0 . 1 1 5 - 0 . 6 6 7  0 .667-2 .0  - 0 . 1 0 5 - 0 . 6 7 0  0-653 -1.993 
f ~  022[ i i~  - 0 . 1 0 3 - 0 . 3 3 3  1.0 - 1 . 6 6 7 - 0 . 0 9 4 - 0 . 3 3 6  1.006 -1.678 
f~, 040 220 0.0 0.0 1 .333-1 -333-0 .004  0-001 1.335 -1.332 
f ~  024 i l 4  0.103 0-333 1.667-1.0  0.111 0.331 1-656 -0.995 
f ~  2.2.2 022 0.115 0.667 2.0 -0.667 0.126 0.663 2 .007-0 .681  
f~2= 3i l  211 -0.058 1.0 2 . 3 3 3 - 0 . 3 3 3 - 0 . 0 6 5  1.002 2.336 -0.331 
f12~ 151 32i - 0 . 1 0 9 - 0 . 5  1 . 1 6 7 - 2 . 1 6 7 - 0 . 1 1 6 - 0 . 4 9 8  1 .169-2 .164 
f ~  151 231 0.109 0.5 2.167-1.167 0.102 0.502 2 .169-1 .164  
f ~  4"~2 312 0.051 1.5 3.167-0.167 0.038 1.504 3.171 -0.162 
~2~ 060 330 0.0 0.0 2.0 -2-0 -0.009 0.003 2.003 -1.997 
f~2 i3~ "~15 -0.045 0-0 2.0 -2 .0  - 0 . 0 2 8 - 0 . 0 0 6  2.012 -2.023 
f~,~ i35 215 0-045 0.0 2.0 -2 .0  0 .062-0 .006  1.977 - I .989  
f~3 0671 3371 -0.103 1.0 3.0 -1-0 -0.079 0.992 3.016 - I .032 
f ~  206 i i6  -0.012 1.0 3.0 -1-0 0.011 0.992 2.969 -0.985 

(1) The definitions for the column headings are the same as in Table 5, 
except that ~2 is the magnitude of  the streak when it intersects the Ewald 
sphere for 500 kV electrons, rather than for 100 kV electrons. 

(2) For the sake of brevity, this table gives only a selection of  the 
calculated positions of the intersections of the streaks with the Ewald sphere, 
and only for one particular variant on a given set of  { 111 } matrix planes, hk! 
indices of other variants giving rise to a 'reflection' at a particular point in 
reciprocal space can be obtained using a procedure such as that given in the 
footnotes to Table 3. 

(3) The diffraction positions of variants f~,j ( / =  1 to 3) have not been 
tabulated here, as they give rise to the streaking along the [ 111 ]* AI matrix 
reciprocal-lattice directions. 

(4) Unlike the case of the [ l l 0 l  and [0011 zones, the hkl indexing of the 
diffraction spots and streaks arising from the f ) p r e c i p i t a t e s  is not 
straightforward, as not all the 'reflections' from a particular f~u variant arise 
from the same zone. In effect, some of the reflections arise from higher-order 
t a u e  zones. 

Table 8. Predicted positions of diffraction spots and 
streaks on a [ 0 0 1 ] A I  diffraction pattern for 500kV 
electrons for an A1 alloy with only f~ precipitates 
present, for comparison with the experimental (001 )A~ 

electron diffraction pattern in Fig. 16 

PV hkl o hkl M 
f~,2 202 H2 
f2 n 202 112 
fi3, 202 i i 2  
f~4J 202 112 
f~,3 020 l i0  
f~43 020 i l 0  
fl23 050 1]0 
~233 020 i l 0  
f2t~ 022 1i2 
f~42 022 1i2 
f~z, 022 112 
f~3~ 022 112 
f~2 022 1]2 
f~4t 022 1i2 
f22, 220 020 
fh, 220 0]0 
f~, 202 112 
f~2 202 112 
f%2 20~ i i~  
f~42 7.02 i i2  
~jj 135 2i5 
f223 060 330 
-%3 060 330 
f~4, 135 2i5 

-0.115 2.0 
0.115 2.0 0.0 0.0 

-0.115 2.0 0.0 0.0 
-0.115 2.0 0.0 0.0 

0.0 -0.667 0.667 0.0 
0.0 -0.667 0.667 0.0 
0.0 0-667 0-667 0.0 
0-0 0-667 0.667 0.0 

-0.115 1.333 0.667 0.0 
-0.115 1.333 0.667 0.0 
-0.115 -0.667 1.333 0.0 

0.115 -0.667 1.333 0.0 
-0.115 
-0.115 

0.0 
0-0 

-0.115 
-0.115 

0.115 
-0.115 

0.045 
0.0 
0.0 

Q ~2 B'  
0-0 0.0 -0.122 2.007 0.007 0-0 

0.108 1.993 0.007 0.0 
-0.122 2.007 -0.007 0.0 
-0.108 1.993 -0.007 0-0 
- 0 . 0 0 2 - 0 . 6 6 5  0.668 0.0 

0.002 -0-668 0.665 0.0 
-0.002 0.665 0.668 0-0 
-0-002 0.668 0.665 0.0 
-0.119 1.337 0.671 0.0 
-0.111 1.329 0.663 0.0 
-0.119 -0.671 .337 0.0 

0.111 -0.663 .329 0.0 
0.667 1.333 0.0 -0.119 0.671 -337 0.0 
0.667 1-333 0.0 -0.111 0.663 .329 0-0 
1.333 1.333 0.0 -0-006 1.327 .340 0.0 
1.333 1.333 0-0 -0-006 1.340 .327 0.0 
0.0 2.0 0.0 -0.122 0.007 2.007 0.0 
0.0 2.0 0.0 -0.122 -0.007 2.007 0.0 
0.0 2.0 0.0 o. 108 0.007 1.993 0.0 
0.0 2.0 0.0 -0.108 -0.007 1.993 0.0 
2.0 2.0 0.0 0.031 2.014 2.014 0.0 
2.0 2.0 0.0 -0.014 1.986 2.014 0-0 
2.0 2.0 0.0 -0.014 2.014 1.986 0.0 

0.045 2.0 2.0 0-0 0-059 1.986 1.986 0-0 

(1) The definitions for the column headings are the same as in Table 7. 
(2) For the sake of brevity, this table gives only a selection of  the 

calculated positions of the intersections of the streaks with the Ewald sphere, 
and only for one particular variant on a given set of { 111 } matrix planes, hk! 
indices of other variants giving rise to a 'reflection' at a particular point in 
reciprocal space can be obtained using a procedure such as that given in 
Table 3. 

45 ° , with the lengths of  the streaks proportional to the 
projected length of [pqr]* onto the plane normal to 
[uvw]. If the angle between [pqr]* and [uvw] was less 
than 72 °, a circle was plotted at the position B' as 

[UVW] 
k" 

k 

[pqr]* 

0 Q B" P" 

Fig. 17. The geometry of streaking in electron diffraction patterns. 
The electron beam is along [uvw] and the direction of streaking 
of a diffraction spot P with indices hkl is along the reciprocal- 
lattice vector pqr*, cutting the £wa]d sphere at B and the plane 
perpendicular to the electron beam at Q. B' is the projection of B 
onto the plane normal to [uvw]. 
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indicated in Fig. 17, with the radius of the circle scaled 
to indicate the proximity of the precipitate reflection hkl 
to the Ewald sphere. 0' reflections are distinguished 
from f~ reflections in Fig. 18 by asterisks, f~ and 0' 
reflections for which the angles between [pqr]* and 
[uvw] were greater than 72 ° had the centres of the 
streak denoted by small circles and asterisks respec- 
tively. The allocation of streaks and/or spots in this 
way is to some extent arbitrary, but again this was 
chosen to best represent the experimental electron 
diffraction patterns. For example, inspection of the 

experimental electron diffraction patterns in Figs. 4, 9 
and 16 shows that reflections for which the angle ~0 
between [pqr]* and its projected streak direction 
[p'q'r']* is 0 to 28 ° are streaked, whereas those for 
which ~0 is 55 or 70.5 ° are not. The streaking 
of spots in (001)A ~ electron diffraction patterns can 
be accounted for by both streaking and splitting of 
spots due to the near-superposition of reflections from 
f~ precipitates on two different {111 }A~ planes, as the 
direction of splitting is parallel to the streak direction of 
the two reflections. 
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Fig. 18. Quadrants of simulated electron diffraction patterns taking streaking of 0' and f~ precipitate reflections into account. In each 
case the 000 reflection is at the bottom left. (a) [Ii0]A~ for 100 kV electrons, (b) [211]A~ for 500 kV electrons, (e) [001 ]A~ for 500 kV 
electrons, (d) [111]Ai for 500 kV electrons, (e) [310]AI for 500 kV electrons, (f)  [871], 6.59 ° from [i 10], for 100 kV electrons. Matrix A1 
reflections are denoted by large circles and 0' reflections are marked with an asterisk to distinguish them from f2 reflections. 
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Comparison of the data presented in Tables 5-8 and 
in Fig. 18 with the experimental electron diffraction 
patterns shows that the simple model in §5 can indeed 
explain the main features of the electron diffraction 
patterns once double diffraction is taken into account. 
The effect of double diffraction is most apparent for the 
8' reflections in the (110)A I diffraction patterns (see for 
example the extra streaks around 000 in Fig. 9), and in 
the diffraction patterns where the beam direction has 
been tilted away from [li0]g~. For example, when 
tilting away from the [iI0] zone, keeping the g = I I 1 
systematic in the diffraction pattern, the schematic of a 
zone such as the [651] zone in Fig. 18 has fewer 
precipitate diffraction spots around prior 11T and 002 
matrix diffraction positions than the experimental 
diffraction pattern in Fig. 14(b). However, electrons 
which have been scattered by the 8' precipitates on 
{ 100}gl and {010}gl planes can also be scattered by the 
matrix AI along 111 and 111 reciprocal-lattice direc- 
tions, and hence four spots, two due to the 8' 
precipitates on the { 100} and {010} planes and two due 
to the f~ precipitates on {i 11 } and { 1T 1 } planes, will be 
found at prior 11i and 002 matrix positions forming a 
characteristic quadrilateral in which the ~ reflections 
are separated by a reciprocal-lattice vector parallel to 
the projection of 002A~ onto the plane normal to [651]. 
Note that this separation between the two f~ spots 
increases as the beam direction is rotated away from 
[i10] in such a way that a systematic row of 111 
reflections is maintained in the electron diffraction 
pattern. The second effect of double diffraction is to 
even out intensities between precipitate reflections 
separated by reciprocal-lattice distances corresponding 
to allowed AI matrix g vectors; this is most apparent in 
the [211] diffraction pattern where 'spots' occur at 
positions where the orthorhombic F Bravais lattice of 
the f) precludes any kinematical reflection. 

The degree of fit between experiment and theory is 
most satisfactory: the theoretical model accounts for 
the observed splitting of the D precipitate reflections at 
high g along 002 matrix directions in the (ll0)A~ 
electron diffraction patterns and also accounts for the 
faint streaking of precipitate reflections at positions 
such as ](13T) in the [?.11]Al electron diffraction 
pattern. It can also account for the very faint reflections 
seen at positions such as ½, ], ] and ½, 1, 0 and for the 
reflections seen at positions such as ½, ~, -½ in the [2111 
electron diffraction pattern. Faint spots at the centres of 
the rhombi formed in the [110]Aj electron diffraction 
patterns by the thinness of the f~ precipitates along 
{T 11 } reciprocal-lattice directions can be interpreted as 
coming from electrons which have been scattered by the 
ellipsoidal 8' (001) precipitates and then scattered by 
the AI matrix, and indeed dark-field images from such 
reflections light up these 8' precipitates strongly with a 
residual matrix background intensity. However, these 8' 
precipitates would be expected to contribute to such 

images anyway because of the streaking along the 001 
reciprocal-lattice directions. The alternative explana- 
tion is that double diffraction from the matrix and the 
8' precipitates inclined at 45 ° to the electron beam in 
this orientation causes these faint spots, but no 
experimental evidence could be found for this. 

It is interesting to vary the lattice parameters used to 
describe the unit-cell dimensions of the f~ precipitates to 
see the effect this has on the diffraction patterns. If the 
.q precipitates are simply considered to have the same 
lattice parameters as ~ (i.e. without the orthorhombic 
distortion), then our calulations suggest that the f~ 
reflections from a set of three variants on a particular 
set of {111} matrix planes would no longer be 
coincident, and that therefore there would be further 
splitting of f~ precipitate reflections in electron dif- 
fraction patterns. That such splitting is not observed 
experimentally suggests that there is indeed an ortho- 
rhombic distortion of the tetragonal 0 structure in these 
f2 precipitates. If we then fix the a:b ratio of the 
dimensions of the orthorhombic unit cell to be l:V/3 
and vary the magnitude of the cell side a, subtle shifts in 
the positions of the spots and streaks occur which are 
most noticeable at high g. For example, if a =  
a0v/3/V/2, the centres of the f2 reflections near the 
/331} type matrix reflections in a [i10]nt electron 
diffraction pattern are collinear with the matrix spot; 
this is no longer the case if a is altered, although the 
splitting of the f~ spots will still be along the 002 matrix 
reciprocal-lattice direction. Again, comparison of the 
simulated electron diffraction patterns with the experi- 
mental ones suggest that taking the unit-cell edge a to 
be equal to a0~//3/V/2 is very reasonable, and we 
therefore have confidence in the orthorhombic unit-cell 
dimensions shown in Table 2. 

6. HREM image simulations 

HREM image simulations were carried out as a 
function of thickness and defocus to try to understand 
further the structure of the D precipitates. Two simple 
models were simulated on the basis of the ortho- 
rhombic crystal structure and a chemical composition 
of A12Cu given in Table 2, one of the pure f) structure 
and the second a model in which a thin f~ precipitate 
was sandwiched between matrix aluminium. For this 
latter model, a precipitate thickness parallel to a set of 
matrix 111 planes of 2c was chosen, embedded in the 
middle of 41 matrix 111 planes to form an ortho- 
rhombic supercell of dimensions ass=aoV/3/V/2, 
bss = 3a0/x/2 and Css = 2ct~ + 4 la0/V'3 which repeated 
periodically over all space. Matching of the A1 and f~ 
structures was achieved by inspecting corresponding 
(111)A~ and (001)t~ atomic projections such as those in 
Fig. 19, assuming that the structure of the f~ pre- 
cipitates is that given in Table 2. Clearly, if the 
precipitate thickness is chosen to be 2c with all the 
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atoms in the unit cell as drawn in Fig. 19 included in the 
precipitate ( i .e .  from z = 0 up to and including z = 2), 
then C stacking planes in the AI can fit well with the 
precipitate on either side of the precipitate, so that the 
supercell has a stacking sequence within it o f . . .  
A B C  I f~ l C A B C  . . . 

The number of matrix A1 planes in the supercell was 
chosen to generate a structure without any stacking 
faults at the edges of the supercell, so that B matrix 
planes were nearest z = 0 in the supercell and A matrix 
planes nearest z = 1. In order to keep the model simple, 
no translational shifts or relaxations in atomic positions 
were applied in the vicinity of the precipitate-matrix 
interface. A 1024 × 16 set of Fourier coefficients was 
generated for the supercell for slice thickness of either 
4.96 or 4.30A, depending on the matrix projection 
direction of interest, (110) or (211). For the pure f~ 
structure with a much smaller unit cell, a 64 × 128 set 
of Fourier coefficients was used, with the same slice 
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Fig. 19. (a) Pro jec t ion  o f  the a luminium matr ix  down [111] with an 
o r t h o r h o m b i c  unit cell outlined. (b) Project ion o f  the or tho-  
rhombic  ~ s t ructure  down  [0011. 

thicknesses. Images were simulated in the normal way 
with a suite of programs developed by Dr G. J. Wood 
(University of Melbourne), by including the effects of 
spherical aberration and defocus terms in the objective 
lens propagator for a 500kV microscope with C s 
= 2.7 mm and a spread of focus A of 150 A.. Results 
from the simulations are presented in Figs. 20 and 21 
for the two models of interest and for each of the four 
orientations of the precipitate in Figs. 2 and 3. The 
thickness and defoci in these simulations have been 
chosen to try and achieve as good a match as possible 
with the f o r m  of the experimental images in Figs. 6, 7, 
10 and 11 (but not necessarily the exact details of, for 
example, the precipitate thickness and interfacial ledge 
structure). Thus, the pseudo-square distribution of 
either black or white spots and the centred rectangular 
arrangement of spots in the precipitate images from 
(211)A I zones can be simulated, as can the two distinct 
forms of rectangular and centred rectangular image of 
the precipitates in the ( l l0 )A ~ zones. Near Scherzer 
defocus and for thin specimens, the bright spots 
correspond to 'holes' in the projected potential of the f~ 
structure (cf. Figs. 2 and 3). 

The good matching obtained lends further support to 
the orthorhombic unit-cell model for the ~ precipitates, 
although it should be emphasized that HREM is a 
relatively insensitive technique for extracting c h e m i c a l  

information, and so any preferential segregation of Mg 
and Ag atoms to the ~ precipitates need not be 
reflected in a recognizable change in the image 
simulations from the ones shown here. A further point 
of interest which the simulations bring out well is that 
the f2 images are affected by the neighbouring A1 
matrix, and so the change in image as a function of 
defocus of the f~ precipitate region for a given thickness 
is different for the two models. This is by no means 
unexpected - images from thin metallic multilayers and 
spinodal decomposition materials show similar effects. 
This also indicates that a much more detailed image 
analysis would have to be done to characterize fully the 
precipitate-matrix interfacial structure. 

7. Conclusions 

A detailed reanalysis of the f~ precipitates in A1- 
Cu-Mg-Ag alloys has shown unequivocally that the 
hexagonal structural model proposed by Kerry & Scott 
(1984) is incorrect and that the structural model 
proposed by Auld (1986) can indeed account for 
dark-field transmission electron microscope observa- 
tions, HREM and the occurrence of extra reflections in 
electron diffraction patterns from alloys containing 
these precipitates. Reexamination of Auld's model has 
shown that the structure he proposes is in fact 
orthorhombic and is perhaps best regarded as a slightly 
distorted and presumably chemically modified c o h e r e n t  

form of O, albeit a form of 0 which is coherent with the 
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matrix AI in just two dimensions. However, the detailed 
chemical composition of these precipitates remains 
unclear, despite good matching of HREM image 
simulations with experiment for an f~ composition of 
A12Cu. 
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work. One of us (KMK) would also like to thank the 
Royal Society for financial support. We are both 
grateful to Professor D. Hull for the provision of 
laboratory facilities. 

APPENDIX 

Diffraction geometry of precipitate shape effects 

f~ precipitate reflections will be streaked along (11 l)*t 
reciprocal-lattice directions because of the thinness of 
the precipitates in these directions. The projected streak 
directions for precipitates on each set of { 111 }Am planes 
are given in Table 4 for the matrix zones [li0],  [~11] 
and [001]. The relevant formulae to calculate these 
projected streak directions are derived by Hirsch, 
Howie, Nicholson, Pashley & Whelan (1977). These 
projected streak directions agree with those in the 
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Fig. 20. Image simulations for the model where the f l  structure alone is used. (a) Zone axis [310]o = [120]~ for which the atomic projection 
of  the fl  precipitate is shown in Fig. 2(a). 129 A thick crystal. Defoeus values (left to right, top to bottom) are from 0 to - 1 1 0 0  A in 
steps o f -  100 A. (b) Zone axis [0i0] o = [1 i 0 ] ~  for which the atomic projection of  the f~ precipitate is shown in Fig. 2(b). Defocus and 
thickness values as in (a). (c) Zone axis [ l I0 ]  o = [ 1001~ for which the atomic projection of the t~ precipitate is shown in Fig. 3(a). 99 A 
thick crystal. Defocus values (left to right, top to bottom) are from --100 to --760 A in steps of  - 6 0  A. (d) Zone axis [ 1001 o = [ 1101~ for 
which the atomic projection of  the f~ precipitate is shown in Fig. 3(b). Thickness and defocus values as in (c). 
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Fig. 21. Image simulations for the supercell model described in the text where a thin ~ precipitate is sandwiched between (11 l) planes of 
matrix aluminium. (a) As in Fig. 20(a), with a <110)^l zone axis. (b) As in Fig. 20(b), with a ~] 10)^o zone axis. 



K. M. KNOWLES A N D  W. M. STOBBS 225 

experimental diffraction patterns, and in particular 
account for the streak directions of the spots at 
positions such as ~, -~,  1 and ~ , - 1 ,  ] in the [~11] zone 
diffraction pattern in Fig. 4. 

To account for the positions of the extra spots in the 
diffraction patterns arising from the presence of the 
precipitates, it is convenient to use a matrix ortho- 
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normal coordinate system to define positions. Given the 
orientation relationships between the precipitates and 
matrix in Table 3, it is straightforward to calculate the 
elements of a matrix MTe relating the components of 
vectors expressed in the precipitate coordinate system P 
with the components expressed in the matrix ortho- 
normal coordinate system M through a formula 

D e e o e  o e . *  B o e o o  o o , .  e , D t  o o e e , 0  e e o o 9 e o  

ID O 6 6 0  e e , o e o o o o  o o  , lp e e o o 0 o 6  . .  o e o O 6 6 o 

(c) (d) 
Fig. 21 (cont.). Image simulations for the supercell model described in the text. (c) As  in Fig. 20(c), with a (211)^  I zone axis. (d) As in Fig. 

20(d), with a (21 l)^0 zone axis. 
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vM = ( , , : G ) v ,  

for each of the 12 variants. Similarly, the components 
of plane normals are related through the formula 

where the tilde denotes a transpose operation. Thus, for 
variant ~ l  in Table 3 

I 0 - 5 - I . 0  1.209- ! 
= 0.5 0.5 uTe 1.209 / 

- 1 . 0  0-5 1.2093 

if we take the lattice parameter a 0 of aluminium to be 
4 .96A and the lattice parameters a and c of the 
monoclinic description of the f~ structure to be 
a0v/3/V/2 and 8.48 A respectively, following the data 
provided by Auld (1986) and Kerry & Scott (1984). On 
this description, [100] of the monoclinic unit cell of the 
f2 precipitate is exactly the same length as its 
corresponding ½(112> matrix aluminium direction. 

For an Ewald sphere of infinite radius (i.e. 2=0), 
a precipitate reflection hkl (referred to the matrix co- 
ordinate system) streaked along pqr* (also referred to 
the matrix coordinate system) will intersect the plane 
normal to a beam direction [uvw] at a position h-~p, 
k - ( q ,  l-~r,  where 

= (hu + kv + lw)/(pu + qv + rw). (1) 

Assuming the streak is long enough to intersect the 
Ewald sphere, h-~p, k-~q,  l -~r  will be the position of 
the reflection hkl in the [uvw] diffraction pattern. This 
result is a good approximation for electrons at 100 and 
500 kV, but it cannot account for the separation of 
spots at high g, as this separation occurs because of the 
finite radius of the Ewald sphere. 

For an Ewald sphere of radius k = 11/21, and with 
reference to Fig. 17, 

g.g = 2k.g 

for reflections lying on the Ewald sphere (Bragg's law). 
With 

g -- (h-~p, k-~q,  l -~r)  

and 

k =  ( I k l / I  uvwl)[uv w] 

referred to the orthonormal matrix vector basis, Bragg's 
law becomes 

(hu+kv+lw)-  ~(pu+qv+tw)= (2/2)(u2+v2+w2) l/z 

× {(h2+k2+l 2) - 2~(hp+kq+lr) + ~2(p2+q2+r2)}, (2) 

which is merely a quadratic equation for ~. If solving 
this equation gives two real values of ~, then these two 
values will define the positions where a chord parallel to 
[pqr]* passing through hkl intersects the Ewald sphere. 
Clearly, only one of the two possible values of ~ will be 

physically significant in terms of the possible length of a 
streak. Furthermore, as the wavelength 2 tends towards 
zero, the only solution of ~ obtained is the one derived 
above for a sphere of infinite radius. 

If [pqr]* and [hkl]* are both perpendicular to [uvw], 
a real value of x is only obtained when [pqr]* is parallel 
to [hkl]*, in which case ~=  (hZ+k2+12) I/2, the distance 
of the reciprocal-lattice spot hkl from the origin. If 
imaginary values of ~ are obtained, then this cor- 
responds physically to a case where the streak along 
[pqr]* will not intersect the Ewald sphere at all, 
for which P in Fig. 17 has to lie outside the Ewald 
sphere. 

Clearly, therefore, solving (2) for real values of ~ up 
to a physically significant maximum value ~max to find 
those streaked reflections which intersect the Ewald 
sphere, then computing the position B, where the streak 
intersects the Ewald sphere, and then computing B', the 
projection of B onto the plane normal to luvw], does 
not account for all of the possible streak geometries. In 
particular, setting a ~max will have the effect of 
eliminating reflections for which the streak intersects 
the Ewald sphere tangentially at the origin, i.e. those for 
which [pqr]* is parallel to lhkli* and for which 
hu + kv + lw= O. 

Positions of matrix aluminium spots for off-axis 
diffraction patterns such as those in Fig. 14 can be 
estimated by assuming that the matrix spots are 
streaked along the zone direction [uvw], and putting an 
upper value on the allowed deviation parameter of the 
spot from the Ewald sphere for physically significant 
values. In this case, the criterion for an allowed 
reflection is that 

s = I g2/2k - fis I < Sma x (3) 

for an upper bound Sma x on s, where fis is the 
component of the reciprocal-lattice direction g = [hkl]* 
parallel to [uvw]. If hu+kv+lw = 0, this reduces to a 
simple g2/2k criterion, and Sma x can be set to include 
only those reflections lying within the specific Laue 
zone of interest, which for all the cases considered in §6 
is the zero-order Laue zone. 

With a suitable Smax, (3) can also be used to estimate 
whether precipitate reflections lying just outside the 
Ewald sphere for which [pqr]* is almost perpendicular 
to [uvw] will nevertheless contribute to a particular 
electron diffraction pattern. Such reflections will either 
have real solutions of (2) which are higher than the ~ma×, 
or else have imaginary values of ~. However, these 
reflections can contribute to an electron diffraction 
pattern because of the finite three-dimensional intensity 
distribution in reciprocal space centred at [hkl]* arising 
from the three-dimensional shape of the precipitates. 
Thus, in general, precipitate reflections will occur in an 
electron diffraction pattern if either (2) is satisfied for 

< some ~max, in which case the centre of the streak 
seen on the electron diffraction pattern can be taken to 
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be the projected position of where the streak intersects 
the Ewald sphere, or alternatively if (3) is satisfied for 
s < some Smax, in which case the centre of the streak in 
the electron diffraction pattern can be taken to be the 
projected position of [hkl]*. 

The values of ~max and Sma x chosen for a,ly 
computations will necessarily depend on both the 
three-dimensional shape of the precipitates and the 
effect of any local strains around the precipitates. In 
order to give a guide to these values the simple 
kinematical theory of electron diffraction can be used. 
For a linear dimension of t in real space, the 
corresponding intensity distribution in k space centred 
about a reciprocal-lattice point hkl  takes the form 

l ( k )  = Iosin2ntk/(nk) 2 

[see, for example, Fig. 4.11 of Hirsch, Howie, Nichol- 
son, Pashley & Whelan (1977)]. The f2 precipitates in 
the H R E M  images have thicknesses t of the order of 20 A 
or less in the 'c' axis direction and disc widths of the 
order of 400 A (e.g. Fig. 5). If we take the effective 
'width' of the intensity distribution along the 'c' axis in 
reciprocal space to be a/ t  for some a, then an upper 
bound on I ~max I is simply 

[~max I -~- aoa/ (2 tv /3)  

for (pqr)*  = (111)*,  where a 0 is the lattice parameter 
of aluminium. If a =  1, in which case the half-peak 
intensity would represent approximately the value 
where the spike seen in reciprocal space would end, and 
if t = 20 A, (max = 0"06, which cannot account for the 
almost continuous streaking along (111)  matrix reci- 
procal-lattice directions. However, this value of ~max can  
be increased if there is a substantial precipitate 
population with thickness of less than 20 A, or if the 
value of t~ is greater than 1. Indeed, in a recent study of 
streaking in electron diffraction patterns from T~- 
containing alloys, Cassada, Shiflet & Starke (1987) 
took a =  3 to interpret the streak lengths they ob- 
served, f) precipitates with thickness of much less than 
2 0 A  may well occur, but it would be difficult 
experimentally to distinguish these from radiation- 
damage loops which also form on {111 }A~ planes after 
exposure to 500kV electrons. For the computations in 
§5, we have accordingly used a I ~max I of 0.15 for the f2 
precipitates. 

A more sophisticated model could be developed to 
take account of  the way in which the intensity 
distribution around a reciprocal-lattice point is 
generated and how it will project onto a particular 
electron diffraction pattern, but as we demonstrate in 
§6, this simple theory suffices to explain the main 

features of the electron diffraction patterns from these 
A 1 - C u - M g - A g  alloys. 
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