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107" m?* N7'; the data for copper are given in paren-
theses. The stress was assumed to be uniaxial and
parallel to the rolling direction. Angle ¢ =0. The
diffraction strain was calculated for the 112 reflection
in steel and the 224 reflection in copper. The results
for steel are given in Fig. 1 and for copper in Fig. 2.
The straight line gives the results for the texture-free
materials; the curves are the results for the actual
materials.

Our conclusion is that in practical cases the pres-
ence of texture may lead to an amplitude of the
oscillations in dyx; vs sin® ¢ that is of the same order
of magnitude as the diffraction strain itself.
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Abstract

Non-linearities in measured diffraction strains are
frequently observed in textured materials. For the
case of textured cold-rolled low-carbon steel sheet
specimens the diffraction strain is analysed in its
constituents: single-crystallite strain and the orienta-
tion distribution function of the crystallites. With only
macro-stresses o, and o, taken into account, a satis-
factory explanation of practical measurements on
these steel specimens is obtained.

1. Introduction

The ‘sin’ ¢ method’ (Hauk, 1955; Macherauch &
Miiller, 1961; Dédlle & Hauk, 1977; Délle, 1979; James
& Cohen, 1980; Hauk, 1984; Hauk & Macherauch,
1984) is used to determine (residual) stresses from
diffraction data. The measured diffraction line-shift
strain often exhibits straight-line behaviour when
plotted vs sin’ ¢. From intercepts and slopes the
stresses may be calculated. The symbol ¢ stands for
the angle between the scattering vector and the speci-
men’s normal direction (ND). The symbol ¢ is used
for the angle between the projection of the scattering
vector on the plane of the specimen and rolling direc-
tion (RD).

In textured specimens, significant deviations from
linearity frequently occur (Faninger & Hauk, 1976,

0108-7673/88/020163-05%$03.00

Hauk, Herlach & Sesemann, 1975; Hauk & Sesemann,
1976, Hauk & Kockelmann, 1977, 1978; Marion &
Cohen, 1977; Hauk, Krug & Vaessen, 1981; Ddlle &
Cohen, 1980; Hauk & Vaessen, 1985; Hauk, Vaessen
& Weber, 1985; Maurer, Nefl, Scholtes &
Macherauch, 1987). These reports concern cold-
rolled steel sheets and ¢ = 0. Small or negligible non-
linearities are reported for measurements in the plane
¢ = /2. Examples are given in Figs. 1 and 2. In all
cases the 211 reflection was used.

It is the purpose of this paper to clarify the physical
nature of this non-linear diffraction strain behaviour
for textured cold-rolled low-carbon steel specimens
using the 211 reflection. The specimens are considered
to be single phase. The orientation distribution func-
tion (0.d.f.) of the crystallites (Bunge, 1982) offers a
quantitative description of crystallographic texture.
Diffraction strain is an o.d.f.-weighted average of all
single crystallite strains of the grains engaged in the
diffraction. The o.d.f. depends in an irregular way on
¢ and ¢. Accordingly, linear diffraction strain
behaviour with respect to sin” ¢ cannot be expected.
It is shown that the behaviour of the o.d.f.’s of cold-
rolled steel leads to diffraction strain phenomena
measured in practice.

An assumption has to be made concerning the stress
state of the specimen. Only principal stresses o, and
o, are considered. They operate parallel to the rolling
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Fig. 1. Measured 211 relative intensities (upper figures) and 211

diffraction strains (lower figures) vs sin®  for ¢ =0 (left-hand

figures) and ¢ = 7/2 (right-hand figures). Specimen: low-carbon

steel reduced 75% by cold rolling. After Délle & Cohen (1980).
RD =rolling direction; TD = transverse direction.
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Fig.2. Measured relative intensities (lower figures) and interplanar
lattice spacing for angles ¢ =0 (left-hand figures) and ¢ = 7/2
(right-hand figures). 211 reflection used but interplanar lattice
spacing converted to (100) spacing. Specimen: low-carbon struc-
tural steel reduced 75% by cold rolling. Solid circles: positive
¥ angles; open circles: negative ¢ angles. Absence of ¢ splitting.
After Hauk, Vaessen & Weber (1985). Diffraction strain ‘oscilla-
tion’ for ¢ = 0; approximate straight-line behaviour for ¢ = 7/2
in both Figs. 1 and 2.

NON-LINEAR DIFFRACTION STRAIN

direction (RD) and transverse direction (TD), respec-
tively. These stresses are taken to be macro-stresses.
No use is made of the so-called stresses of the second
kind (Macherauch, Wohlfahrt & Wolfstieg, 1973) for
the explanation of non-linearity (Hauk, Vaessen &
Weber, 1985; Maurer et al., 1987). It is shown that
crystallographic texture in conjunction with macro-
stresses o, and o, offers an explanation of cold-rolled
steel non-linear diffraction strain phenomena.

2. Theoretical

It has been shown in the previous paper (paper 1)
(Penning & Brakman, 1988) that, for the case of m3m
crystals in conjunction with the 211 reflection, only
one trace in orientation space needs to be considered
[t=1in equation (12), paper I]. In what follows only
the measurement planes ¢ =0 and ¢ = 7/2 are taken
into account.

In paper I, both single-crystallite strain and the
orientation distribution function (o.d.f.) of the crys-
tallites are written as Fourier series with respect to
the rotation angle about the scattering vector, ¢5.

2.1. Single-crystallite strain

The Fourier series of the dilatation in spacing dj,,
of a crystallite with [hkl] parallel to the scattering
vector only exhibits five terms: equation (9), paper
I. The values of y, I, A, N and E;, to E,, can be
determined from equations (3) and (10) and Table 6
of paper I and the E,, are defined (only o, and o, # 0)
by

2
kZ Exoow = s3(hkl)(a, + a3)
=1

+31s55(hkl) (0, cos® @ + o, sin’ @) sin® ¢, (1)

where s{3 and 1557 have been defined in paper 1.

It can be shown that, for ¢ =0 and ¢ =n/2, E,, =
E, = E,,= E,;,=0. For the 211 reflection, y =0. Con-
sequently, the coefficients of cos ¢5 and sin 2¢35 in
equation (9), paper I, equal zero. Of the five Fourier
coefficients only three remain: (e.,),, (£5,), and (£2,)
of equation (12), paper 1. They are connected to
cos O3, sin ¢; and cos 2¢35, respectively.

In Figs. 3(a), (b) and 4, these Fourier coefficients
are given as a function of sin’ ¢ for the case of Fe
crystals. Two stress states are considered: o, =—o,
and o,=o0,.

2.2. The orientation distribution function (o.d.f) of
the crystallites

In Table 2 of Brakman (1985b), the Fourier
coefficients of the o.d.f. with respect to the angle ¢5
are given. The relationship between ¢35 and ¢35 of the
present paper is given by ¢35 = @5+ arg z,(hkl). In the
Fourier coefficients the texture-dependent functions
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C#(¢, ¢) and E¥(¢, ¢) also occur. They are equal
to zero for both ¢ =0 and ¢ = 7/2. Their definition
and that of arg z, is given in equations (11-13), (II-15)
and (1-9/10), respectively, of Brakman (1985b). Rear-
rangement of the Fourier coefficients with respect to
@3 leads to the result that, for the ¢ angles mentioned,
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Fig. 3. Fourier coefficients vs sin? ¢ of Fe single-crystallite strain
for ¢ =0 (a) and ¢ = 7/2 (b).[112] parallel to scattering vector,
i.e. the ¢, ¢ direction. Single-crystallite strain Fourier series
according to equation (9) of paper . Stress state assumed:
0= —05; other stresses equal to zero. o, parallel to rolling
-direction; o, parallel to transverse direction of rolled sheet. @:
zero-order Fourier coefficient; x: coefficient of sin ¢%; A:
coefficient of cos 2¢3. Fourier coefficients divided by s, times o, .
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Fig. 4. Single-crystallite strain Fourier coefficients vs sin® . As
Fig. 3 but stress state o, = +o,. Figure applies to all ¢ angles.
The single-crystallite strains and consequently their Fourier
coefficients, for two ¢ angles /2 rad different from each other,
are related by &3,(4, ¢, hkl, 3, n)=ne (¢, ¢+ /2, hkl, ¢3,
1/7), where n=0,/0,.
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the o0.d.f.’s Fourier coefficients* connected to cos ¢}
and sin 2¢3 equal zero for the 211 reflection.

Consequently, in equation (12), paper I, only the
Fourier coefficients Dy, D, and D; need to be con-
sidered. In Figs. 5(a) and (b), D,, D, and D; of a
cold-rolled steel texture are depicted vs sin® ¢ for
¢=0 and ¢ = /2. It follows that the ¢ =0 o.d.f.
Fourier coefficients oscillate more strongly with
respect to sin’ ¢ than the ¢ = 7/2 coefficients do.
Note that D, is equal to the (normalized in terms of
‘times random’) measured intensity.

* For specimen symmetries lower than orthorhombic this only
holds for ¢ =0.
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Fig. 5. Fourier coefficients D, D, and D; vs sin? ¢ of the cold-
rolled steel o.d.f. for ¢ =0 (a) and ¢ = 7/2 (b). [112] parallel
to scattering vector, ie. the ¢, ¢ direction. O.d.f. coefficients
according to equation (12), paper I. @: zero-order coefficient
Dy; x: coefficient D, of sin ¢3; A: coefficient D; of cos 2¢5.
¢ =0 coefficients oscillate more strongly vs sin’> ¢ than the
¢ = /2 coefficients. Specimen: low-carbon steel sheet reduced
64% by cold rolling. Details of o.d.f: Brakman (1985a). D,
equals the pole-figure intensity in the ¢, ¢ direction. Compare
D, with the intensity graphs of Figs. 1 and 2.
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3. Results and discussion

A synthesis according to equation (12), paper I, of
single-crystallite strain and o.d.f. Fourier coefficients
is given in Figs. 6 and 7. The o.d.f. of the cold-rolled
steel specimen used has been given elsewhere
(Brakman, 1985a). The two macro-stress states o, =
-0, and o, = 0, are dealt with in Fig. 6 and Fig. 7
respectively. All other stress-tensor elements have
been taken equal to zero.

The heavy curved lines in the graphs represent the
mean diffraction strain according to equation (12),
paper I. The single-crystallite strain distribution with
respect to the rotation angle ¢; exhibits a minimum
and a maximum. For every orientation of the scatter-
ing vector, the extremal crystallite strains are rep-
resented by the thin upper and lower curved lines.
The diffraction strain is the o.d.f.-weighted average

(a)

. ,
12 05 10
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Fig. 6. Calculated 211 diffraction strain vs sin? ¢ for ¢ =0 (a)
and ¢ = 7/2 (b) for stress state o, = —0o,. Heavy curved lines:
synthesis of Figs. 3 and 5 according to equation (12), paper I.
Straight lines: texture-free diffraction strain. Reuss model of
elasticity. All strains divided by s, times o,. Thin curved lines:
minimal and maximal values of single-crystallite strain distribu-
tions with respect to rotation angle about the scattering vector.
Diffraction strain as an o.d.f.-weighted average of single-crystal-
lite strains is contained within these extremal strain curves. The
vertical distance between the extremal strain curves represents
theoretical line breadth. Note that the o, = —0o, case yields a
larger line breadth than found for o = +0,.

NON-LINEAR DIFFRACTION STRAIN

of the single-crystallite strains. Therefore, the diffrac-
tion strain curve is always between the extremal strain
curves. The straight line represents the texture-free
(Reuss model) diffraction strain, i.e. (€,,),. The single-
crystallite strain data were calculated using the Fe
compliances: s,,=7-57, 5,,=-2-82 and s,,=8-64
(107" m? N7'). Both diffraction and single-crystallite
strain in Figs. 6 and 7 have been divided by the elastic
anisotropy s, times o,.

In both Figs. 6 and 7 the ¢ = 7/2 diffraction strain
graphs exhibit small oscillations with respect to the
texture-free straight line as compared with the ¢ =0
case. This also holds for other stress states (not
shown). Evidently, this is a consequence of the
behaviour of the o.d.f. Fourier coefficients as depicted
in Fig. 5. The single-crystallite strain Fourier
coefficients only have a small influence since they
behave smoothly with respect to sin® .

Deformation textures of steel develop almost irre-
spective of chemical composition and processing

om0
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Fig. 7. As Fig. 6, but 211 diffraction strain vs sin? ¢ for ¢ =0 (a)
and ¢ = /2 (b) for stress state o, = +0,. Strains divided by s,
times o,. The literature (Hauk, Vaessen & Weber, 1985; Dolle
& Cohen, 1980; Maurer et al., 1987) reports a biaxial compressive
stress state after cold rolling of low-carbon steels. On multiplica-
tion of (a) and (b) by s, times negative o, , a close approximation
of Figs. 1 and 2 is obtained. The oscillations are predicted very
well. However, the amplitudes are too large. They can be reduced
by adopting the Hill (1952) approximation and averaging the
Reuss- and Voigt-model results. A fit to practical measurements
can be obtained allowing departures from the |o,| =|0o| condi-
tion and using the magnitudes of o, and o, as fitting parameters.
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conditions. Therefore, a comparison of Figs. 6 and 7
with the measured diffraction strain data of Figs. 1
and 2 (obtained on similar but not identical steels)
is possible.

For cold-rolled steels a compressive biaxial stress
state results (Dolle & Cohen, 1980; Hauk, Vaessen
& Weber, 1985; Maurer et al, 1987) exhibiting
approximately equal o, and o, values. Multiplying
Fig. 7 by —1, it follows that the » = +1 graphs indeed
strongly resemble the measured curves of Figs. 1 and
2. Differences may be due to deviations from n =+1,
different actual magnitudes of o, and/or o, and small
texture differences.

The essence, however, is that macro-stresses o, and
o, in conjunction with crystallographic texture quali-
tatively explain the non-linearities observed. No use
has to be made of other stress-tensor elements or the
so-called stresses of the second kind (Macherauch et
al., 1973).
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Abstract

The diffuse X-ray (and electron) scattering from
NbCg.7,, previously thought to be due to vacancy

* Present address: Institute of Applied Physics, University of
Tsukuba, Sakura, Ibaraki 305, Japan.
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octahedra, is shown to be dominated by the scattering
due to mean-square atomic displacements with wave
vectors near the Brillouin-zone boundary. The atomic
displacements are similar to those produced by an
optical phonon. On the basis of the sign and ampli-
tude of the displacement parameters a model for the
environment around a carbon vacancy is proposed.
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