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Antiphase boundaries and stacking faults affect the deformation behaviour of
intermetallics. In an ordered c.p.h. (close-packed hexagonal) structure of D0;q
type (e.g. Mg;Cd, TizAl-based alloys), stable planar faults of two types are
possible on the basal plane. These are antiphase boundaries (APBs) and
complex stacking faults (CSFs), which are a combination of an APB and a
stacking fault. The latter can be either of shear or of climb type. If the bounding
partial dislocations of a CSF lie in its plane, then it is designated as a shear CSF,
otherwise it is called a climb CSF. A mathematical formulation of the theory of
diffraction from a D0, structure having a shear or climb type of CSF has been
carried out. The diffraction effects owing to the presence of these CSFs have
been found. Integrated intensities and widths of the reflections are affected.
These have been evaluated in terms of the probability of the occurrence of these

Printed in Great Britain — all rights reserved faults.

1. Introduction

Antiphase boundaries (APBs) significantly affect the defor-
mation behaviour of intermetallics. Various types of APB are
possible in the ordered close-packed hexagonal (c.p.h.) DO;g
structure depending on the shift vector and the planes to
which these planar faults are parallel (Ghosal et al., 1993).
Complex stacking faults (CSFs) are characterized by a
combination of an APB and a stacking fault (SF) on the basal
plane. These planar faults can be formed during the passage of
dislocations through an ordered crystal or during growth and
impingement of different nuclei of order. The former will lead
to the formation of shear CSFs while the latter will give rise to
climb CSFs.

The first mathematical formulation of the theory of X-ray
diffraction from APBs was carried out by Wilson (1943) (see
also Wilson & Zsoldos, 1966) for the L1, structure (ordered
face-centred cubic, CusAu type). Extensive X-ray studies on
CuzAu have been undertaken by Mikkola & Cohen (1965,
1966). Studies of diffraction from APBs and CSFs in another
important structure, namely the ordered c.p.h. DOy type,
exhibited notably by Mg;Cd and Ti;Al, seem to be limited.
Prasad (1975) has worked on the theory of diffraction from
CSFs and APBs on basal planes in the D0,g structure. He has
considered shear CSFs (denoted SF + APB by him) arising
from different crystallographically equivalent shift vectors to
be independent of each other. We believe that this distinction
is not physically realistic. The detailed differences between
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our approach and that of Prasad are discussed later. Further,
he has not considered climb CSFs. We formulate here the
theory of diffraction from shear and climb CSFs. These CSFs
affect the reflections in two ways, namely by changing the
integrated intensity and by broadening the reflections. It needs
to be mentioned that, in the absence of ordering, shear and
climb CSFs on the basal plane will reduce to deformation
and growth faults, respectively. Wilson (1942) pioneered the
formulation of the theory of diffraction from growth faults in
c.p.h. structures while Christian (1954) considered deforma-
tion faults subsequently. The formulation of the theory is
subject to the following assumptions usual in this type of work:
(i) the crystal is infinite in size and free of distortions; (ii) there
is no change in the lattice spacing at the CSFs; (iii) the CSFs
are distributed at random; and (iv) the CSFs extend over
entire domains.

2. Geometrical structure of shear CSFs

Consider the D0,y structure shown in Fig. 1. Fig. 2 gives its
basal plane projection. Atoms on A, B and C layers are
represented respectively by large, medium and small circles.
Atomic species A and B are represented respectively by open
and filled circles. The sublattices I, II, III and IV are marked in
one unit cell. Here, the sites in the A layer are at zero height
while those in the B layer are at a height of 1c, which is shown
by 1 in one part of the figure. All sites in the A layer are joined
by continuous lines. B atoms occupy sublattice type IV sites
while A atoms occupy sublattice sites of types I, II or III as
shown in one unit cell. The letters A and B refer to the type of
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close-packed layers as well as the type of atoms. However, this
should not cause any confusion, as the context will clarify the
meaning. Important directions are shown in the usual Miller—
Bravais notation while the corresponding planes are perpen-
dicular to the respective directions in this particular case.

A shear CSF can be created by a virtual process in which
one part of the crystal is shifted relative to the other part by a
vector denoted as the shift vector. We will consider here shift
vectors parallel to the basal plane that give rise to a shear or
mechanical type of CSF. The initial sequence of layers can be
written as

AIVBIVAIVBIV

where A and B indicate the layer type and the superscript
indicates the sublattice type occupied by B atoms. We now
consider the effect of the shift vector (1/6)[1100]. This moves
atoms lying initially at A positions to C positions (see Fig. 2).
Further, the B atoms now occupy sites of sublattice I instead of
IV. The first change corresponds to the creation of an intrinsic
or deformation stacking fault while the second change leads to
the simultaneous formation of an APB. Thus, this fault is a
CSF. We can write the layer sequence as follows:

LLAVBY: Al

where the vertical dotted line indicates the position of the
CSF. Such a fault can also occur after an A" layer instead of
B™. In this case, the shift vector becomes (1/6)[1100], which is
equal in magnitude and opposite in direction to the earlier
shift vector. The layer sequence in this case is given by

..BYAV:C'B'. ...

The shift vectors (1/6)[1010] and (1/6)[0110] lead to shear
CSFs after B" layers, owing to which B-atom occupancy
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Figure 1
D0y ordered c.p.h. structure. Empty circles denote A atoms and filled
circles denote B atoms of an A3B alloy.

changes to sublattice types II and III, respectively. CSFs
occurring after A" layers have opposite shift vectors.

3. Geometrical structure of climb CSFs

A climb CSF can arise through the following virtual process.
Begin by considering a normal sequence of layers as shown
below:

LAVBYAYVBYANVBY L

First remove one layer (say A" indicated by adjoining vertical
lines in the first sequence below). In the new sequence, a B'Y
layer is followed by another B" layer. This sequence is very
unfavourable energetically and the system can lower its
energy by a shift of the right half of the crystal (to the right of
the vertical line in the second sequence below) by (1/6)[1100]
changing the B" layer to a C' layer. The position of the
succeeding A" layer shifts to that of a B' layer as shown in the
last sequence below.

AVl |AIV |BIVAIV o (1/2)[0001]
. AVBY | BVAY + (1/6)[1100]
LLAVBY AT L = (1/6)[1103].

As is clear from the final sequence of layers, the virtual process
described above leads to the formation of a composite fault
made up of a growth fault and an APB. Since the shift vector,
(1/6)[1103], is not parallel to the basal plane, we can call this a
climb CSF.

[1120]

i——a——l
[1010]

(211017, [1120]

Figure 2

Basal plane projection of D0y, structure. Atoms on A, B and C layers are
represented respectively by large, medium and small circles. Atomic
species A and B are represented respectively by open and filled circles.
The sublattices I, II, IIT and IV are marked in one unit cell.
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4. General expression for the diffracted intensity

In terms of the conventional hexagonal basis vectors ay, a,, a3
(a; and a, being double the lattice vectors of the disordered
c.p-h. structure and a3 being equal to that for the disordered
structure), the position vector R,,, of a unit cell at the (mm,)
position in layer m; of a possibly faulted DOy crystal is given
by

R, = ma, +m,a, + %m3a3 + Qms’ (l)

where Q,, is the displacement vector in the plane of the layer.
This vector takes different values in the presence or absence of
a CSE.

The diffracted intensity from such a crystal is given by
(Warren, 1969)

I(h;) = Ny* > (explie,,]) exp[mimh,]

= Ny* 3" J,, exp[rimh;), 2)

where N is the number of layers and v/ is the intensity scat-
tered by one layer. The phase difference ¢,, between rays
diffracted from the mth layer and the layer at the origin is
given by

¢,, = 27(hb, + kb, + h;b;) - Q,,, 3)

where by, by, bs are reciprocal-lattice vectors and hkh; are the
corresponding coordinates of the reciprocal-lattice point with
h and k being integers and /5 a continuous variable.

It is evident that the problem of determining the diffracted
intensity reduces to finding the values of J,,,.. To evaluate J,,,, we
express the phase difference as the sum of two phase differ-
ences and then replace the average of this sum by the product
of their averages. Thus,

(exp[l¢m]> = (exp[i(pm—l] exp[i(¢n1 - ¢m71)]>
= (explip,,_1t) (expli(d,, — 1)) (4)

Denoting (¢, — ¢p—1) by 8¢,.,,—1 and the corresponding
probability of the occurrence of such a phase difference by
P, m—1, we have

(CXp[l¢m]> = Z <exp[i¢m—1])Pm,m—1 exp[i8¢m,m—1]’ (5)

where the summation extends over all possible values of
8¢ m—1- This leads to a recurrence relation, which can be
solved by using initial conditions (Prasad & Lele, 1971).
Values of P, ,,,_ for all possible values of §¢,,,,_; are depicted
in a probability tree as discussed below.

5. Diffraction theory for shear CSFs on basal planes

To construct the probability trees, we adopt the following
procedure. Consider an A-type layer with B atoms on site IV
to be present on the (m — 1) layer. In the absence of a shear
CSF, the next layer will be a B-type layer with B atoms again
on site I'V. Similarly, an A" layer will follow a B"Y layer in the

absence of a shear CSF. The displacements and corresponding
phase differences in the two cases will respectively be

(1/3)[1100] = (1/3)[110);  (27/3)(h — k)

and

(1/3)[1100] = (1/3)[110];  (27/3)(—h + k).

In the presence of shear CSFs, the layer type, namely A, B
or C, can change. However, if there is no shear CSF between a
pair of layers, the phase difference between these layers is not
altered owing to the presence of shear CSFs at any other
location. To account for this fact, we will give a subscript 0 or 1
to the layer type (for example ALY or A}Y), depending on the
phase difference to the next layer (BY or C}') being
(2m/3)(h — k) or (2t/3)(—h + k), respectively, in the absence
of a shear CSF.

As mentioned earlier, in the presence of a shear CSFan ALY
layer, say, will be followed by a C! layer. The displacement
vector for this case can be found by adding the displacement
vector without a shear CSF and the component of the shift
vector parallel to the plane of the CSF and is given by

(1/3)[1100] + (1/6)[1100] = (1/6)[1100] = (1/6)[110].

Thus, the phase difference will be (277/6)(h — k). It can be
shown by consideration of Fig. 2 that the same phase differ-
ence occurs for the following transitions in the presence of a
shear CSF:

M BY — Al @ clV — B!, 3)A; — CV, 4) B, - AV,
(5)Co — BY, (6) Ay — ", (1) By — A", (8)Cy — BY",
A — C 10)By) — ¢, a1 ¢t — B

In the same way, the displacement vectors and the phase
differences can be found for shear CSFs with the other two
possible shift vectors (Ghosal, 1996). In each case, we denote
the probability of occurrence of a shear CSF by « and thus the
probability for absence of a shear CSF is (1 — 3a).

Taking the above facts into account, a probability tree has
been constructed and is shown in Fig. 3 along with the phase
differences. Similar trees can be drawn starting from B, or
Cy layers by cyclic permutation. This figure also shows the
possibilities for transition from an (m — 2) layer of type Bi'.
Using these trees, as well as similar ones, one can construct a
slightly different type of tree which shows all possible ways of
reaching a particular type of layer. Two typical trees of this
type are shown in Fig. 4.

We can write difference equations for J,, using the trees
constructed above. We distinguish the values of J,, for stacking
sequences terminating with layers having subscript 0 (say ALY
or 1 (say BIY) by giving the same superscript.
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— {(1 — 3a) exp [?(—h + k)] + aexp [%(Zh + k)]
+ aexp [% (—h + k)] + aexp [% (—h — 2k)] ]J?,,
(6)
= {(1 — 3a)exp [? (h — k)] + aexp [?(—2}; _ k)]
+ aexp [% (h— k)] + aexp [% (h+ Zk)] ]J,ln_l.
™
Introducing the following abbreviations for convenience,
e =exp[Qmi/6)(h — k)], n=1+(-1)"+(=D" ©®)
we have
Thin = [(1 = 3)e® + aenly, )
I =11 = 3)e™ + ac*nl,,_,, (10)

where * denotes complex conjugation. Substituting from (10)
into (9) and simplifying, we obtain

T = [(1 = 3)* + 2a(1 — 3a)n cos(27/6)(h — k)
+ 0‘2772]Jr1n—1 (11)

This is the so-called characteristic equation and has solutions
of the form

m-2 m-1 m

1-3c) | {hk)/3

o | (k)6 q
[c/']

(1-36) | (-h+ky/3 ] !
o | {-2h-K)6

1
al 2K)/6

1

(1-30) | (k)3
o | {h+2k)/6 -
al (-2h-K)/6e -
ol (h-ki6 -

(1-30) | (kY3 ]

ol (k)8 =7
1S ]

a | {h+2k)/6
ol (2h+K)6 =M
Lo J al (k)6
o | (2h-k)6

(1300 | (k)3 @
a | (-2h-k)/6 @
ol (hki6 ﬂ
a | {(h+2k)6

« | (-h-2k)/6

i

Figure 3
Probability tree showing the probability of occurrence of shear CSFs. The
corresponding phase differences in units of 27 are also indicated.

J, =Cp". (12)
Thus, (11) becomes
0* = (1 —3a) +2a(1 — 3a)n cos(2r/6)(h — k) + o1
= (£2)%. (13)
This quadratic equation has two solutions: Z, and —Z; with
Zy =7, = Z. Consideration of different possible values of &
and k shows that the values of Z reduce to the following:

(a) h and k even (fundamental reflections):
i) h—k=3N:

Z=1. (14)
(ii)h —k=3N%1:
Z = (1 —9a +27a%)">. 15)

(b) h or k odd (superlattice reflections):
(i) h — k=3N:

Z =1 —4da). (16)
(i) h —k=3N=*1:
Z = —5a+7a*)". 17)

Fundamental reflections with & — k=3N are unaffected
(since Z is independent of ) while those with 4 — k=3N £ 1
show a dependence on «. All superlattice reflections show a
dependence on « which is different for different (h — k)
values.

Corresponding to the two roots of p, namely +Z, and —Z,,
we can write a general solution for (12) of the form

I = O(Z(J)m +C(=Z)", m=0. (18)

A little consideration shows that, for negative values of m, we
can write

m-1 m
B." (1-30) | (-h+k)/3
o | (-h+k)/6

AOIV
o a | {2h+k)y/6
- a | (-h-2k)/6
- (1-3a) | (h-k)/3
a | (h-k)}/6

B
o | (-2h-k)/6

o ) (h+2k)/6

Figure 4

Probability trees showing all possible ways of reaching a particular type of
layer in the presence of shear CSFs.
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I = O(Z())‘m‘ + C1(_Z1)lmla m <0. (19)

Here, Cy and C; are to be evaluated from the initial conditions
i.e. values of J,,, for m = 0 and 1. These can be found by direct
computation from the probability trees.

Jy=1 (20)
and
Ji =31 = 3a)e* + aen + (1 — 3e)e™ + as™n)]. (21)

Substituting the values found above for J,, J; and Z in (18), we
obtain C, and C; for different values of 4 and k.
(a) h and k even (fundamental reflections):

(i) h — k = 3N:
CO = 1, Cl - 0 (22)
(ii) h — k = 3N + 1:
1
C =330 —sa 27"
1 (23)
C =i+

4(1 — 9 + 27a2)1/2"

(b) h or k odd (superlattice reflections):

(i) h — k =3N:
C,=1 C =0. (24)
m-2 m-1 m
(1-3g) | (h-k)/3 -
ol (h-ki/6

(130) | Cheky3 =]
120 7

o | {-2h-kM6
o | (h+2ky6e -
{-30) | (h-K
o | (h+2)/6 -
ol (2hk)/6 &7
ol (hk)y6 -
(1-3) | (h-k)/3 -
al (he2k)/6 -

o | (hekli6 =T
Gl

a | (2h+k)i6 -

(130 | (h4)/3 "
al (2hki6 )
ol (hkVe &
o | (he2kV6 7]

o | (-h-2K)/6 =
A

Figure 5
Probability tree showing the probability of occurrence of climb CSFs
along with the corresponding phase differences.

(i) h —k=3N+1:

) (1—4a)

C,=1-
P41 = Sa + o)l 25)
’ (1 —4a)

Cl == ) +

4(1 — Sa + Ta2)1/2"

6. Diffraction theory for climb CSFs on basal planes

As discussed earlier, in the presence of climb CSFs, the layer
type A, B or C can change. Further, even if there is no climb
CSF between a successive pair of layers, the phase difference
between these layers may be altered owing to the presence of
climb CSFs at other locations. This is due to the removal of a
layer at a climb CSF. However, as in the case of shear CSFs,
subscripts 0 or 1 can be assigned to the layers to account
for this change, depending on the displacement to the next
layer in the absence of a climb CSF being +(1/3)[1100] or
—(1/3)[1100], respectively. With this assignment, the stacking
sequences in the absence and presence of climb CSFs become:

L AYBY AYBY ... o
. (1/6)[1103].
L AYBYCBy ...

In this sequence, the subscript 1 repeats at a climb CSF unlike
in the normal sequence. Similarly, we can produce a climb CSF
after an ALY layer by the following steps:

. BYAY:BY:AVBY .. (1/2)[0001]
..BYVAN:AlN BY .. + (1/6)[1100]
L BYAV:C oAl = (1/6)[1103].

m-1 m

BV__(1-30) ) (h+K)i3

- a | (-h+k)/6

o | (2h+k)/6 il

- o | (-h-2k)i6

- (1-30) | {h-k)/3

X ot (ke

5w

o | {-2h-K)/6

a | (h+2k)/6

Figure 6

Probability trees showing all possible ways of reaching a particular type of
layer in the presence of climb CSFs.
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The displacement vector for this case can be found by adding
the displacement vector without a CSF and the component of
the shift vector parallel to the plane of the climb CSF, i.e.
0+ (1/6)[1100] = (1/6)[1100] = (1/6)[110]. Thus, the phase
difference will be (27r/6)(h — k).

In a similar way, the phase differences in going from ALY to
Cl' and CI' can be shown to be (27/6)(—2h — k) and
(27 /6)(h + 2k), respectively. In each case, we denote the
probability of occurrence of a climb CSF by « and thus the
probability for absence of a climb CSF is (1 — 3w).

Taking the above facts into account, probability trees have
been constructed as shown in Figs. 5 and 6 for a few cases. We
can now write difference equations for J,, by the procedure
discussed for shear CSFs.

2mi 2mi
Tt = [(1 —3a) exp%(h — k)]]gl + [a exp%(h —k)
2mi 2mi
+a exp%(—2h —k)+ aexp%(h + Zk)]];1 (26)
i
0 = [(1 —3a) exp%(—h + k)]],ln_1

2mi 2mi
+ [aexp%(—h—i—k)—i—aexp%@h + k)

i

+aexp % (—h — 2k)]13. 27)
Introducing € and n from equation (8), we have

Jhr = (1= 3a)e’ ) + aend}, (28)

IO =1 = 3)e],_ +ag*nll_,. (29)

Solving (28) for J°_,, we have

o T —aend),

m (1 _ 30[)82 (30)

Substituting from (30) for J%, and J_, in (29) and simplifying,
we get
Iy = e+l +[(1=30) =M, . (31)
which is the characteristic equation. Substituting from (12)
and solving for p yields
2 2 172
o =an cosg(h —k) [(1 —3a)? — o sinzg(h — k)] .
(32)

We denote the roots with the positive and negative signs of the
discriminant respectively by Z, and —Z,. Consideration of
different possible values of & and k shows that the values of Z,
and Z,; reduce to the following set.
(a) h and k even (fundamental reflections):

(i) h — k=3N:

Z,=1;
(i) h—k=3N<1:

Z, =1-6a (33)

3
Zy = _7“ + (1 — 6a + 902 /4)'1>

3
Z, = 7"‘ + (1 — 6a + 9a?/4)'2,

(34)

(b) h or k odd (superlattice reflections):
(i) h —k=3N:
Zy=1—4a; Z, =1-2a. (33)
(ii))h—k=3Nx1:

Zy = 24 (1 — 60+ 3302 /4)12
2

o (36)

Zi=-5+ (1 — 6a + 33a%/4)/%.

The initial conditions can be found from the probability trees
given earlier (Figs. 5 and 6).

Jo=1 (37)

Ty =3[(1 = 3a)(e? + &) + an(e + &)]. (38)
Substituting the values of Jy, J;, Z, and Z; found above, we can
obtain C, and C; for different values of 4 and k. These are
given below.

(a) h and k even (fundamental reflections):
i) h—k=3N:
C =1, ¢ =0. (39)
(i) h—k=3N=X1:

(4 —24a +90*)"* — (1 — 3a)
0 2(4 — 24a + 9a2)1/2

40
(4 —24a+90%)'* 4+ (1 — 3a) (40)
t 2(4 — 240 + 9a?)1/2
(b) h or k odd (superlattice reflections):
(1) h—k=3N:
C,=1 C =0. (41)
(i) h —k=3N=£1:
(4 — 24a + 330)? — (1 — 3a)
C, =
2(4 — 24a + 3302)1/2 @
c (4 — 24a 4 330)V? + (1 — 3a)
| =

2(4 — 240 + 3302)1/2

7. Diffraction effects from CSFs on basal planes

We have shown that, for both types of CSF, J,, can be
expressed in the form of (18) with different values for C,, Cj,
Z, and Z; for shear and climb CSFs. On substitution of J,,, in
the intensity expression [equation (2)], and performing the
summations of the geometric series, we can write

1-27;
1—2Z,cosmthy + Z3
1-272
"1427, cosmthy + 73

I(hy)/NY? = C,

+C (43)

The denominators in the two terms in the above equation have
minimum values for h; = [ being even and odd integers,
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respectively, and thus these terms give rise to corresponding
peaks for both types of CSF.

The intensity for a shear CSF probability of 0.05 is plotted
against /3 using (43) in Figs. 7, 8 and 9. Owing to the presence
of shear CSFs, the profiles are generally broadened. Funda-
mental reflections with &~ — k=3N are not affected while
those with h —k=3N+1 show appreciable but equal
broadening for even and odd values of / as illustrated in Fig. 7.
Superlattice reflections with 4 — k = 3N and [/ even also show
considerable broadening. As is apparent from Fig. 9, super-
lattice reflections with 7 — k =3N % 1 show appreciable but
equal broadening for even and odd values of I Further,
superlattice reflections with # — k=3N £+ 1 show a smaller
broadening than that for reflections with & — k =3N, as is
clear from Figs. 8 and 9.

The intensity for a climb CSF probability of 0.05 is plotted
as a function of /5 for fundamental and superlattice reflections
in Figs. 10, 11 and 12. For fundamental reflections with
h — k =3N % 1, peaks occur at s; = [, where / is an integer as
shown in Fig. 10. Reflections with / even are considerably
broader than those with / odd. For superlattice reflections with
h — k =3N (Fig. 11), a broad peak occurs for i3 = [ with / being
an even integer. On the other hand, for superlattice reflections
with h — k = 3N % 1 (Fig. 12), broadened peaks occur at i3 =/
where [ is an integer. The broadening of reflections with / odd
is somewhat greater than that for those with / even. Quanti-
tative aspects of broadening are discussed in the following
section.

7.1. Integrated Intensity

The total energy of the diffracted beam can be measured
and is known as the integrated intensity. In electron diffrac-
tion, double diffraction and dynamical effects are usually
present and as such the above kinematic treatment is not
applicable as far as integrated intensities are concerned
(Cowley, 1981). We, therefore, restrict our calculation of the
integrated intensity for powder diffraction profiles.

An analytical expression for the integrated intensity, 7, of a
reflection can be obtained by integrating the intensity over
one full period of the reflection. Corresponding to each of the
two maxima in I(hs), we have

—
3]

—_—
[
T

pls

1(/) arbitrary units —e

0 k )

—0.5 0 0.5 1 1.5
. h3 —

Figure 7

The diffracted intensity for fundamental reflections with # — k =3N £ 1
for a, = 0.05.

2
1- 22
T, = / c | | dn,
/ 1—2Z(—1) cos ths+Z;

=2C; forj=0o0r1. (44)

The values of Cy and C, for shear as well as climb CSFs have
been given earlier. Utilizing these, one can evaluate the
changes in the integrated intensities owing to the presence of
shear and climb CSFs. The fractional changes in integrated
intensities owing to the simultaneous presence of shear and
climb CSFs for small values of the probabilities (respectively
a, and «,) of their occurrence can be found by assuming that
the effects are additive and are given below.
(a) h and k even (fundamental reflections):
(i) h — k=3N:
AT,/T,=0; AT,/T,=0. 45)
(i) h—k=3N=£1:

ATy/Ty = =9/2a; AT /T, =+(3/2)e;.  (46)

(b) h or k odd (superlattice reflections):
(i) h — k=3N:
AT,/T, =0, AT,/T,=0. (47)
(ii))h—k=3N<£1:

AT,/Ty = +(3/2a;  AT/T, = —(1/2a,.  (48)
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Figure 8

The diffracted intensity for superlattice reflections with & — k = 3N for

o, =0.05.
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Figure 9
The diffracted intensity for superlattice reflections with # —k=3N £ 1
for o, = 0.05.
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The integrated intensities of reflections with 7 — k=3N
remain unchanged while those for reflections with & — k =
3N £ 1 are affected by the presence of shear as well as climb
CSFs. However, the effects of the latter vanish for small values
of ..

7.2. Integral breadth

Using the definition of integral breadth (B) as the ratio of
the integrated intensity and the profile maximum, we can write
in general

1-Z

=2 i
b 142

forj=0or 1. (49)

The values of Z, and Z, for shear as well as climb CSFs have
been given earlier and yield the following expressions for
small values of the probabilities of occurrence of shear and
climb CSFs.
(a) h and k even (fundamental reflections):

(i) h — k=3N:

B, =0. (50)
(i) h —k=3N+1:

B, =3, +a). B =30 +a,) (1)

(b) h or k odd (superlattice reflections):
(i) h — k=3N:

ﬂ() = 4(“3 + a(])' (52)
(i) h —k=3N=+1:

/30 = %(a: + Olc), ﬁl = %(50{5 + 70{6). (53)

The above expressions are for the integral breadth as a
function of /5 in reciprocal space. However, we experimentally
measure integral breadth in terms of 26 in degrees in a powder
pattern. The necessary diffraction geometry for obtaining the
relation between these quantities has been considered earlier
(Ghosal et al., 2003). The relation between the breadth in
reciprocal space (8) and the corresponding one in real space

[6(26)°] is

17.5
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Figure 10
The diffracted intensity for fundamental reflections with 4 — k=3N £ 1
for a, = 0.05.

2
B26)° = [320 |1|<i) tan 9} B. (54)

8. Discussion

Prasad (1975) has earlier considered the diffraction effects of
shear CSFs on basal planes in a D0, structure. To compare his
results with ours, it is convenient to start with his characteristic
equation [equation (8)].

Pt =207of + (1 — 0’1+ (1 — 4o, + 607)
2
— 20 cos?(h —k)=0, (55)
where o is the probability of occurrence of CSFs with shift
vector 1/6[1100]. Some of the higher-order terms in ¢ have

been neglected by Prasad in writing the above equation. The
complete equation is

pt =207 + (1 — o]+ [of — (1 — )]
—202(1 — o) cosz?n(h —k)=0. (56)

It can be shown that the expression on the left-hand side can
be factorized. Only one of the two factors is physically rele-
vant and is given below:

0 =l + (1 — )] — 20,1 — al)cos%”(h —k)=0. (57)
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Figure 11
The diffracted intensity for superlattice reflections with # — k = 3N for
a. =0.05.
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Figure 12
The diffracted intensity for superlattice reflections with h —k=3N £ 1
for a, = 0.05.
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Table 1

Diffraction effects of CSFs in D04 structures.

Diffraction effects

Fundamental reflections

Superlattice reflections

Plane Shift vector Fault h—k=3N

h—k=3N=£1

h—k=3N h—k=3N+£1

(0001) 1/6(1100) Shear CSF (i) Integrated intensity
unaffected
(ii) No peak broadening
o (iii) No peak asymmetry
(0001) 1/6(1103) Climb CSF (i) Integrated intensity

unaffected

(ii) No peak broadening

(iii) No peak asymmetry

(i) Integrated intensity
affected; fractional
change (for « < 1) is
—9a/2 for I even and
+3a/2 for [ odd.

(ii) Integral breadth is
proportional to 9«/2
(for . < 1) to 4o

(iii) No peak asymmetry

(i) Integrated intensity
affected; no effects to
first order

(ii) Integral breadth (for
o < 1) is proportional
to 9a/2 for [ even and to 4o
3a/2 for [ odd

(iii) No peak asymmetry

(i) Integrated intensity
unaffected

(i) Integrated intensity
affected; fractional
change (for o < 1) is
+3a/2 for [ even and
—o/2 for [ odd.

(ii) Integral breadth (for
o < 1) is proportional
to Sa/2.

(iii) No peak asymmetry

(i) Integrated intensity
affected; No effects to
first order

(ii) Integral breadth (for
o < 1) is proportional
to S5a/2 for [ even and
7a/2 for [ odd.

(iii) No peak asymmetry

(ii) Integral breadth (for
a K 1) is proportional

(iii) No peak asymmetry

(i) Integrated intensity
unaffected

(ii) Integral breadth (for
a < 1) is proportional

(iii) No peak asymmetry

Simultaneous consideration of other types of shear CSF’s
with probabilities «, and o {shift vectors (1/6)[1010] and
(1/6)[0110], respectively} leads to the following generalized
characteristic equation:

,02 — [y + (_1)h052 + (_1)ka3]2 —(l—a —o— 043)2
= 2[a; + (_1)’10,2 + (_1)ka3](1 - —ay — o)

2
x cosg(h — k) =o0. (58)

It is easy to see that the above equation reduces to equation
(57) when «; # 0 = @, = a3 and to equation (13) when oy = o,
= o3 = o # 0. Thus, there is no basic discrepancy between his
formulation and ours. We believe that the situation considered
by us is physically more realistic. Such CSFs are expected to
arise during deformation. For polycrystalline samples, the
applied stresses will be oriented randomly and, thus, there is
no reason to expect the differential formation of the three
types of CSF.

Further, Prasad does not carry out his analysis to a point
where directly usable results are obtained. For example, there
is no mention of the distinction between the effects for
fundamental and superlattice reflections and the conditions on
h and k mentioned are incomplete in several cases.

We mention some of the salient features of the results by
consideration of the more general equation (58). The
diffraction effects for fundamental reflections are identical to
those discussed above except that o should be interpreted as
an average of oy, @, and «3. This can be clearly seen by letting
h and k be even numbers in equation (58) and comparing with
equation (13).

Superlattice reflections (4 or k odd) require more detailed
consideration. We have to consider three possibilities, namely
(i) A and k odd, (ii) # odd and k even, (iii) 4 even and k odd.
For the first case, equation (58) has the solutions

p =21 - 20, — 2a3) for h —k =3N

3
p:i(l—W> for h —k = 3N +1,
yielding the following integral breadths for reflections with &
and k odd:

B =2, +a3)
B=06o +a,+0a;3)/2

for h —k =3N
for h —k =3N % 1.

Similarly, for reflections with 4 odd and k even, we have
B=2a;+ay) for h —k =3N
B=(o;+3a,+0®;)/2 forh—k=3N=x1

and finally, for those with & even and k odd, we obtain
B=2(; +a,) for h —k =3N
B=(o¢, +a,+30;)/2 forh—k=3N=x1.

It is interesting to note that these expressions become iden-
tical for oy = o, = a3 = « (treated by us) but are distinct for
cases such as those with oy # 0 = «, = &3 (considered by
Prasad). However, for reflections in powder patterns, a given
reflection has several components and one observes an
average broadening. Since an equal number of components
corresponding to each of the above cases are present in any
powder reflection, we have

B=4 +a,+0a;5)/3
B =5 +a, +a;)/6

for h —k =3N
for h —k =3N % 1.

Thus, the distinction mentioned above is lost for powder
reflections and the only observable quantity is
(o) + oy + 03) = 3a.

The diffracted intensity as given by equation (43) for o =
0.05 is plotted as a function of /5 in Figs. 7 to 12. The funda-
mental reflections with &4 — k = 3N are unaffected by shear or
climb CSFs on basal planes and exhibit delta peaks in re-
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ciprocal space. Hence, these are not illustrated. Further, the
integrated intensity of superlattice reflections with 7 — k = 3N
is unchanged [equation (47) and Figs. 8 and 10]. On the other
hand, for reflections with # — k=3N %1 and [ even, the
integrated intensity of fundamental reflections decreases
sharply while that of superlattice reflections increases some-
what, the change being linearly proportional to the shear fault
probability. A similar but opposite effect occurs for the case of
h — k =3N £ 1 and / odd reflections. Climb CSFs do not affect
the integrated intensity to first order in the fault probability.

As regards profile broadening, fundamental reflections with
h —k=3N are not broadened while the broadening is
proportional to (9a, + 9«,.) and (9, + 3c.) for those with
h —k=3N=x1 and / even and odd, respectively. For super-
lattice reflections with & — k = 3N, the broadening is propor-
tional to (8ay + 8c.) and for those with # — k=3N £ 1 and
[ even and odd, respectively, it is proportional to (5, + Set.)
and (Sa; + 7). For fundamental reflections, the integral
breadths are not affected by pure APBs and thus we should
expect shear and climb CSFs to exhibit effects similar to those
of deformation and growth faults in a disordered c.p.h.
structure. Christian (1954) and Wilson (1942) have formulated
the theory of diffraction for these situations. A comparison
with their results shows that the change in integrated intensity
and the broadening in the two cases are identical if Christian’s
deformation fault probability or Wilson’s growth fault prob-
ability is identified to be equal to our 3c.

Measurements of changes of integrated intensities of
fundamental or superlattice reflections with 4 —k=3N %1
can directly yield a value for .. However, the accuracy of
these measurements is generally not sufficiently high for
satisfactory evaluation of «, Measurements of integral
breadths of fundamental reflections with # — k=3N £ 1 and
[ even or superlattice reflections with / even yield an estimate
of (o, + o.). Similarly, fundamental and superlattice reflec-
tions with # —k=3N+1 and / odd yield estimates for
Bay + @) and (5o, + 7a.), respectively. Combining the
second estimate with either the first or third estimates can lead
to sufficiently accurate independent estimates of ¢, and «,.

Shear or climb CSFs do not cause any asymmetry in the
reflections in reciprocal space. However, as pointed out by
Guinier (1963), reflections of the type khO show a profile
asymmetry in 26 space when they are broadened along /3 in
reciprocal space. This is purely due to geometrical effects and
the asymmetry is confined only to real space (20 space), and
thus should not be confused with the asymmetry in reciprocal

space due to any other fault while analysing the diffraction
effects. This geometrical profile asymmetry due to line
broadening is negligible for reflections other than kh0.

9. Conclusions

The diffraction effects of shear and climb CSFs lying on basal
planes of a DO,y structure are summarized in Table 1. The
shear and climb CSF probabilities can be evaluated by
measuring the profile broadening (and the integrated inten-
sity) for a suitable set of reflections. This can in turn be used to
calculate the CSF energy, which is an important property
governing the deformation behaviour of the material.
However, the diffraction effects due to the possible presence
of other faults or APBs lying on basal as well as non-basal
planes need also be considered in order to understand and
correlate the observed effects properly.
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