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Abstract"

The use of energy-dispersive X-ray diffraction for quantitative determination of preferred
orientations in polycrystalline specimens is analysed. The method is applied to determinations of
rolling texture and fibre texture. The-adaptability
of the method to in 8itu studies is demonstrated by
observations of texture changes simultaneous with
the deformation of a specimen in a tension test.

1

INTRODUCTION

The purpose of the present work is to develop energydispersive X-ray diffractometry into a useful tool for
quantitative analysis of preferred orientation. Energydispersive diffraction, introduced in 1968, 1,2 has some
unique advantages compared with standard angle-dispersive
diffraction but requires some changes in the analytical
procedures generally used.
In energy-dispersive diffraction a beam of polychromatic X-rays is incident on the crystalline specimen.
The photon-energy spectrum of the scattered X-rays is
measured by a semiconductor detector connected to a multichannel pulse-height analyser. In this way several
Bragg reflections are recorded simultaneously. The information obtained with a fixed scattering angle and a
fixed specimen orientation is sufficient for the determination of an inverse pole figure. Alternatively, several normal pole figures can be obtained with a fixed
scattering angle by varying the specimen orientation.
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Laine and Lhteenmki used an energy-dispersive
method to study preferred orientation in splat-cooled
cadmium.
They used the intensity ratio of the 002 diffraction line and the Cd Ks fluorescence line as a measSzpunar, Ojanen and
ure of the preferred orientation.
Laine 4 showed that the spectrum of diffraction lines can
A
be used for the construction of inverse pole figures.
similar method using neutron diffraction and time-offlight analysis was proposed by Szpunar, O14s, Buras,
Sosnowski and Pietras.
The quantitative determination of rolling texture
and fibre texture using energy-dispersive diffraction is
developed in the present work. The theoretical formula
for the integrated intensity in terms of the photon energy is derived starting with an ideal non-absorbing specimen without texture and then applying various corrections.
In particular, the absorption in a real specimen
This
affects the observed intensities to a large extent.
makes it difficult to compare the X-ray patterns for difIn addition, the abferent positions of the specimen.
This is a
sorption is strongly wavelength dependent.
complication in energy-dispersive diffraction where a
The X-ray absorption
continuous X-ray spectrum is used.
coefficient for a given specimen may vary by almost two
powers of ten within the useful wavelength range.
The determination of inverse pole figures is hampered by problems associated with normalizing the data.
In this work it is shown how the normalizing can be improved by optimizing the scattering angle and by separating the intensity contributions of the overlapping
diffraction peaks.
The energy-dispersive method is well suited for n
8.tu studies on specimens subjected to various controlled
This has been demonstrated in a dynamic
environments.
experimentchanges in the texture of a recrystallized
aluminium wire have been observed by energy-dispersive
diffraction analysis simultaneous with the deformation
of the specimen in i tension test machine.
2.

ENERGY-DISPERSIVE DIFFRACTOMETRY

Figure 1 shows the principle of energy-dispersive
X-ray diffractometry. Using this method the Bragg equation can be written in the following form

(Ed)hk

sin

8o

hc/2,

(i)

interplanar
X-ray photon energy,
i
fixed Bragg angle, h Planck’s constant
spacing, @0
and c
velocity of light. For practical purposes it

where

Ehk Z

dhk

.
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is convenient to notice that the constant on the right6.199 keV.A if
hand side of Equation (I) equals hc/2
E is expressed in keV and d in
Sample
Sample
/

table

/

X- ray

S

s
Multi-channel
pulse height
anaiyser

,@
Semi"’ conductor
detector

FIGURE I. Principle of the energy-dispersive X-ray
method. Sl, $2, $3 and S
slits defining the beam
paths, 28o
fixed scattering angle.

In this work we have used the continuous X-ray spectrum from a tungsten tube and a Si(Li) detector. A more
detailed description of the equipment is given elsewhere.
The experimental diffraction peaks have been corrected
for the background and fitted to a Gaussian shape in order to calculate the integrated intensities, half widths
and peak positions.
Using Curve fitting it has also been
possible to separate diffraction peaks which are partly
overlapping.
INTEGRATED INTENSITIES
For a powder specimen the integrated intensity, i.e.,
the total diffracted power, in a complete Debye-Scherrer
ring using the energy-dispersive method is given by
3.

r e2 N2V[i0 (I)X

j

JFJ 2]hki

(l+cos 2 2e 0)
cot e0 AS0,
8 sin 80

(2)

where r e
2.82 x l0 -I
cm
the classical electron radnumber of crystal unit cells per unit volume,
ius, N
V
volume of irradiated material, i0 (I)
intensity per
unit wavelength range of the incident beam, j
multiplicity factor, F
structure factor and AS0
divergence of the X-ray beam.
Equation (2) has been derived with the assumptions
that the orientations of the crystallites are randomly
distributed and that absorption and extinction are
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The subscript hkl indicates that the quantities I, j and F depend on the reflection hkl.
Preferred orientations are described by the orienThis is proportional to
tation distribution Phki(
the volume fraction of material having normals to a given
family of lattice planes (hki) oriented in a small solid
+ d,
+ d, 8 to
to
angle d in the angular range
The
relative to some fixed directions in the specimen.
orientation distribution is unity for a random specimen.
Absorption is taken into account by multiplying
Equation (2) with the absorption factor A(, 80, ,8)
In the energy-dispersive method, where the wavelength
is variable, the absorption factor depends on the wavelength of the diffracted X-rays as well as on the diffraction geometry.
It is generally very difficult to apply extinction
In the energy-dispersive method it is even
corrections.
In
more complicated due to the wavelength dependence.
this work we assume that the grain size of the polycrystalline specimen is sufficiently small (of the order of
a few m) so that the extinction can be neglected.
The diffracted intensity is recorded as a function
of the photon energy by the semiconductor detector sysIt is therefore convenient to express the intetem.
grated intensities on the photon energy scale using

negligible.*

’

i0 (E)

i0 (I)

(12/hc)i0 (I)

(hc/E 2)i0 (I)

(3)

intensity per unit energy range of the inwhere i0 (E)
cident beam.
Finally, we take into account that the detector reheight of detector
cords the fraction D/2 r sin 28o (D
distance between sample and detector) of
window and r
the total intensity in the Debye-Scherrer ring.
Inserting the corrections discussed above in Equation (2) one obtains the following expression for the
to be used in the energyintegrated intensity,

Ihk ,

dispersive analysis**:
*Furthermore the incident beam is supposed to be unpolarized. Polarization effects may have to be considered
for the shortest wavelengths of the incident spectrum.
**Another obvious correction is that due to the specHowever, if the same detral response of the detector.
tector is used throughout the experiments one can regard
the intensity i0 as the effective intensity as seen by
the detector.
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Ihkz
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o AO
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(4)
Equation (4) may be written more concisely as

C[i0 (E)E -2

Ihk i

2A(E,O0,,8)p(,8)]hkZ

jlFI

(5)

where C is a constant depending on the diffraction

geometry.
4.

DETERMINATION OF INVERSE POLE FIGURES

In the energy-dispersive method a number of reflections hkZ are recorded simultaneously in a given diffracFor example, a wire specimen can be artion geometry.
ranged so that the wire axis is parallel to the scattering vector.* In this way lattice planes having normals
along the wire axis contribute to the diffracted intensities.
The observed diffraction pattern can be directly
used for quantitative analysis by the construction of the
inverse pole figure according to Harris’ method 9 with
some modifications due to the use of a continuous X-ray
spectrum.
The integrated intensities of the specimen are compared with those of a random specimen.
The ratio of the
corresponding intensities, corrected for absorption, will
be called
Z. It follows from Equation (5) that

Xhk

Xhk

(IIr

r

C___
hkZ

Cr

(6)

Phk

where the subscript r denotes the random specimen.
The orientation distribution for a given family of
lattice planes (hkZ) is normalized in real space by

2-

Phki(’8)

d

I,

h,k,Z

const.,

(7)

*The scattering vector is parallel to u- u0,
where u
unit vector in the direction of the scattered
beam and u0
dent beam.

unit vector in the direction of the inci-
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I00

where the integration is performed over all orientations
relative to the specimen.
In reciprocal space one has
to resort to an approximate normalization by assuming
that for a large number of reflections in a given diffraction geometry one has

1
n

7. Phki(e’8)

,8

i,

const.

(8)

hki

It should be
where n
number of p-values considered.
noted that only one p-value is counted when several orders of reflection from a particular family of lattice
planes are observed.
The p-values associated with the direction parallel
to the scattering vector can now be obtained using Equation (6) and the normalizing condition, Equation (8)

PhkZ

Xhk

n

’

h’k’i’

(9)

Xh’k’ Z’

In structures of high symmetry it often occurs that
different families of lattice planes have the same interplanar spacing. The corresponding diffraction lines appear at the same photon energy according to Equation (i).
In many cases the intensity contributions from each of
the reflections can be separated because the p-value for
one family of lattice planes is known from another order
of reflection.
Consider two reflections, hlklll and h2k22, which
coincide in the diffraction pattern. According to Equation (5) the measured integrated intensity is given by*

Ii,2

C[io

(E)E-21FI

2

A] ,2 x (jPl + j2P2)-

(i0)

For the random specimen one has a similar expression but
The ratio of the intensities from the
with p
i.
p2
specimen and the random specimen, corrected for the absorption is then

*Here we assume that the two reflections have the
In non-centrosymmetric crystals
same structure factor.
the structure factors may differ due to dispersion effects and Equation (i0) should be modified.
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X ,2

(I Ar)
Ir A

,2

C jPl + j2Pz
Cr
91 + 92

101

jlxl + j2x2
jl +

92

(Ii)

where x and x2 are the ratios, which would have been
observed if the reflections had not coincided,
If xl is
known from another order of reflection then x2 can be
calculated from Equation (ii). Examples are given in
the following sections.

5.

ROLLING TEXTURE

Determination of rolling texture has been exemplified using a cold-rolled thin foil of e-iron (purity
better than 99.9%).
The thickness of the foil has been
determined as 15.6 m. Foils of this kind are supplied
as X-ray filters in sheets of 20 mm x 170 mm in size by
Johnson & Mat they Chemicals Ltd., London.
Photographically recorded Debye-Scherrer rings were used to control
the grain size.
Figure 2 shows the diffraction pattern for an iron
powder used as the random specimen.
Figures 2b and 2c
show the corresponding patterns for the iron sheet oriented with the rolling direction parallel to the scatering vector (Figure 2b) and with the surface normal parallel to the scattering vector (Figure 2c).
The qualitative features of the texture can be found immediately
by visual inspection of the spectra. Notice for example
that the 022 reflection is very strong in Figure 2b but
almost absent in Figure 2c.
The 011 and 002 diffraction lines have been omitted
because they overlap the tungsten L-lines of the X-ray
spectrum.
However, P0 i can be determined from the 022
and 044 reflections, which are present in the spectrum.
In the same way P00 can be determined from the 004 reThe contributions of the 033/114 and the
flection.
006/244 peaks can be separated according to the method
described in Section 4. The reflections up to and including 136 have been used. In this way the p-values
can be normalized using 13 points in the inverse pole
figure.
It has been found that a scattering angle about
50 deg is the best choice in the present case. At
28o
this angle the largest number of useful diffraction peaks
is situated within the observable energy range.
Absorption factors for a specimen in the shape of a
sheet large enough to intercept the entire incident beam
are given in the International Tables for X-ray Crystallography I and in many textbooks on X-ray crystallography.
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the presence of a strong texture.
The photon energy dependence of the X-ray absorption
coefficient has been taken into account using the relation

(E)/p

k E -m

(12)

density
linear absorption coefficient, p
where (E)
of mass and k and m are constants as long as no absorption edge is included in the energy range.
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Linear regression analysis of the absorption data
X-Ray Crystallogiven in the International
.321 x i04, m
2.820
graphy (Vo.l. IV) t0 has given k
(p/p in units of cm2/g) and the coefficient of determination r 2
0.99998 for E < 7.11 key (iron K-absorption
0.99991
2.728 and r
9 019 x 104 m
edge) and k
for E > 7.11 keV.
Figures 3a and 3b show the inverse pole figures in
the rolling direction and the normal direction, respectively. The highest probabilities are observed for
{iii} planes parallel to the sheet surface and <ii0>
directions parallel to the rolling direction but other
texture systems can also be observed in the pole figures.
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FIGURE 3a. Inverse pole figure of iron.

Rolling

direcion.
The reproducibility of the p-values has been estimated in two ways:
(i) The p-values determined from different orders of reflections available in the same diffraction pattern have been found to agree within 10%;
(2) Using the diffraction patterns recorded at three
different scattering angles and normalizing them with
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FIGURE 3b.
direction.

Inverse pole figure of iron.

Normal

the same number of reflections we find that the corresponding p-values agree within 15%.
6.

FIBRE TEXTURE

The determination of inverse pole figures are of
particular value in the analysis of axisymmetric specimens. Figure 4 shows a diffraction pattern from an alumThe wire axis is placed parallel to the
inium wire.
scattering vector. It is obvious that the wire has a
strong [iii] texture. The very characteristic features
are that the 002 reflection has almost disappeared from
the wire sample, and that the relative intensities of
the 113 and 222 peaks are reversed compared with the
random specimen.
For the random specimen a capillary filled with
aluminium powder was chosen. Absorption factors for the
random specimen and the wire oriented with the wire axis
perpendicular to the scattering vector are given in the
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FIGURE 4a. Energy-dispersive X-ray diffraction pat32
Random specimen
tern of aluminum.
280
(powder)
International Tables for X-Ray Crystallography. 10
The absorption factor for a wire specimen oriented
with its axis parallel to the scattering vector has been
calculated in this work using the definition of A: The
X-rays reflected by the specimen are reduced by a factbr

A

V

exp[-(p + q)]dr

(13)

where V
volume of irradiated material, p and q
lengths
of the paths of the incident and reflected beams, re-

spectively, in the crystal.
Figure 5 shows the diffraction geometry. It follows
from the symmetry that the sum of the beam paths are the
chord of an ellipse.
Equation (13) can then be written
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FIGURE 4b. Energy-dispersive X-ray diffraction pat32
tern of aluminium.
Wire, wire axis
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parallel to scattering vector.
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-R

’2/R 2

2].,R
/i
exp( cos
80

-

y2/R2) dy,

(14)

where R
radius of the wire. Equation (14) has been
solved by numerical integration.
The linear absorption coefficient for the photon
energy of each of the diffraction lines was calculated
2 266 x 104 m
according to Equation (12) using k
0. 99996.
2. 937 (/p in cm2/g) and r 2
The inverse pole figure for the direction parallel
to the wire axis is shown in Figure 6. The 333/115 contributions have been separated according to the method
described in Section 4. The p-values have been normalize(
using 9 points.

DETERMINATION OF PREFERRED ORIENTATIONS

lo7

)

0

FIGURE 5.
Diffraction geometry for calculating the
absorption factor of a wire specimen. Wire axis
parallel to scattering vector.
(Notation, see text.)
7.

A DYNAMIC EXPERIMENT

The advantages of a fixed scattering angle and a
rapid data acquisition make the energy-dispersive method
suitable for texture studies in dynamic experiments.
This has been demonstrated in a tension test where
changes in the texture are observed simultaneously wfth
the deformation of the specimen.
Figure 7 shows the experimental arrangement. The
specimen is an aluminium wire of the same kind as the
one used in Section 5.
The X-ray tube and the detector
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FIGURE 6.
Inverse pole figure of aluminium wire.
Direction parallel to wire axis.

were inclined about 15 with respect to the vertical and
placed close to an Instron Model 1026 tension test machine.
The wire specimen was mounted vertically and loaded in
steps of about 0.5 kg until break occurred. After each
step a diffraction pattern was recorded in a counting
time of i00 s.
The texture of the wire as it was received from the
manufacturer appeared to be insensitive to the deformation. No changes in the diffraction patterns were obTherefore a new series of
served until break occurred.
experiments was performed with samples, which were heat
treated at 550C before the tension test.
The heat treatment resulted in a texture which was
sensitive to the deformation.
Figures 8a to 8c show
some diffraction patterns recorded during a tension test.
At about one half of the maximum load one observes a
gradual decrease of the 222 peak and a corresponding increase of the 133/024 peak (the two lines are not resolved in the spectra).
The experiments have shown that the energy-dispersive method can rather easily be adapted to dynamic
In this way, the method could be used for line
studies.
control of the texture in production processes, such as
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lO9

F

FIGURE 7. Experimental arrangement (schematic) for
X-ray diffraction analysis simultaneous with tension
test of wire specimen. F
applied force, MCA
multichannel pulse-height analyser.
the forming of a wire or a sheet. With the X-ray tube
and detector mounted close to a heat chamber the development of recrystallization texture could be followed
in a similar way as a function of temperature and time.
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