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The tilting of a specimen may not only result in defocusing effect, but also in a change of irradiated volume
during texture measurement for thin films and coatings by using X-ray diffraction. The influence on diffrac-
tion intensity has to be considered in order to obtain an accurate result of texture analysis. The effect of irra-
diated volume can be formulated as a function of the thickness and the linear absorption of a studied film
material, the tilt angle of the specimen and the Bragg angle of diffraction, and then eliminated. In view of
that the preparation of a randomly oriented specimen would be difficult, a simple and convenient method
is hereby proposed to correct the defocusing effect from known data of existing bulk powder specimens
with random orientation by interpolation (or extrapolation). The two correction methods were experimentally
verified to be effective and reliable.
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1. INTRODUCTION

Thin film coatings have been widely used for a long time to improve surface properties
of materials, for example tribological performance (Huang et al., 1994) and corrosion
resistance (Dong et al., 1997). In the last decade many thin film materials such as
thin film shape memory alloys (SMAs) (Krulevitch et al., 1996; Benard et al., 1998),
bimetallic thin films, piezoelectric thin films (Van Lintel et al., 1988), ferroelectric
and antiferroelectric films have enabled the development of innovative products such
as sensors, actuators, and transducers in microelectronic–mechanical systems
(MEMS) (Fujita, 1997). A number of these films are polycrystalline aggregates, the
properties of which may be influenced by preferred orientations of crystallites (or tex-
tures) due to anisotropy of physical and mechanical properties of crystals. Hence a
great attention is being paid to the investigation of textures in the thin films (Knight
and Page, 1990; Kim and Oliveria, 1994; Petrenco, 1995; Park and Szpunar, 1998).
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The textures are most popularly measured by X-ray diffraction (XRD). However, the
thin films in practical application usually have a smaller thickness than the X-ray pene-
tration depth. This results in the variation of irradiated volume of specimens during the
texture measurement. In order to accurately measure and analyze textures in thin films,
Szpunar et al. (1993) provided a solution: the diffraction of film layer by using low
incident angle, or the theoretical correction of X-ray penetration length (or irradiated
volume) for conventional diffraction was utilized by Chateigner et al. (1992). Because
the former method needs an additional measuring and analyzing program, we prefer
to use here the latter principle but a different correction procedure. A further
motivation for the present work is the fact that some film materials are multicomponent
compounds or even have complex compositions. It may be difficult to obtain
powder substances for preparing randomly oriented specimen, needless to say further
considering about its metallurgical condition and process. For this reason a simple
and convenient interpolation (or extrapolation) method was proposed to obtain the
random intensities from the experimental data of some existing bulk powder specimens.

2. CORRECTION FOR TEXTURE MEASUREMENT AND

ANALYSIS IN THIN FILMS

2.1. Correction of Irradiated Volume

Let us consider the diffraction of X-rays from a certain lattice plane in a film in such
a case as symmetric optical geometry. If the film thickness is far smaller than the
penetration depth of X-rays and the preferred orientation of crystallites (or texture)
is not considered, the ratio of X-ray diffraction intensities, corresponding to the
sample tilting angles: � 6¼ 0� and �¼ 0�, can be written as

I� 6¼0

I�¼0
¼

1� expð�2��t= sin � cos�Þ

1� expð�2��t= sin �Þ
ð1Þ

where �* is the linear absorption coefficient of the film material, t is the film thickness
and � is the Bragg angle of the diffraction plane. Equation (1) illuminates the variation
in the diffracted intensity at � 6¼ 0� with respect to the intensity at �¼ 0�, caused by the
change of effective penetrated thickness (or irradiated volume) of X-rays. The ratio
value, Cv¼ I� 6¼ 0�/I�¼ 0�, may be used for the correction of the irradiated volume,
thereby called as the correction factor for irradiated volume. Dividing the intensity
diffracted from a tilted specimen (� 6¼ 0�) by the correction factor Cv allows it normal-
ized to the intensity in the case of �¼ 0� (or having the same irradiated volume as no
tilt). It means that the effect of irradiated volume has already been deducted from the
normalized intensity.

Taking the (110)-diffraction of a NiTi shape memory film (��¼ 115.4505 cm2/g) with
4.91 mm thickness as an example (with Cu-K� radiation and 2�¼ 42.456�), and normal-
izing its diffraction intensity at �¼ 0� to 1, the influence of sample tilting on intensity is
shown in Fig. 1. One can see that the intensity becomes enlarged because the irradiated
volume increases with sample tilting.
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2.2. Defocusing Correction

The defocusing effect is caused by the fact that the irradiated surface layer deviates
from the focusing sphere surface when a specimen is tilted, especially at high tilting
angles. The theoretical analysis of the problem is very complex and maybe impossible.
The most common method for determining the defocusing effect is to use a randomly
oriented bulk powder specimen (so called as random standard specimen). Figure 2
shows some experimentally determined defocusing curves, which display the decrease
of intensities diffracted from different lattice planes of two conventional bulk powder
specimens of pure Al and Cu with the increase of tilting angle �. However, in
some cases, it is difficult to obtain such a random standard specimen as consistent
with the measured specimen in microstructure, even though their chemical components
are close to each other. Such as the example of SMAs, the phase structures for
both specimens would be different at the measuring temperature due to phase transfor-
mation. Maybe, one was austenite and another was martensite. Hereby we corrected
the defocalization by using the following interpolation (or extrapolation) method
from the known data of existing bulk powder specimens. The defocusing effect depends
only on tilting angle � of a specimen and the Bragg angle � of diffraction, when the
radiation target and the optical geometry of a given equipment are kept constant
and the difference of surface morphology and internal constitutions among different
specimens may be neglected. Thus, by keeping tilting angle � constant, one could
find the variation of the intensities with the Bragg angle � from the acquired data by
means of polynomial fit. However, the type of material and the reflectivity of
the selected lattice plane may influence the diffracted absolute intensities. In order to
eliminate these effects, in the present work, the measured intensities were normalized as

I�¼0� ¼ 1 ð2Þ

It was found that a good linear relation for the diffracted intensity versus Bragg angle �
appears at larger tilting, and the larger the tilting angle is, the smaller the spread
around the linear relation, although more data are probably necessary to prove this
by statistical means. Figure 3 presents an example, where the intensity variations
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FIGURE 1 Effect of irradiated volume and defocusing on the intensity of (110)-diffraction in a NiTi film
with Cu-K� radiation.

INTENSITY CORRECTION IN TEXTURE MEASUREMENT 285



with the Bragg angle � are quite linear at �¼ 60 and 75� under the optically geometrical
condition of the utilized diffractometer. From these curves of normalized intensity
vs. �, one can then obtain the defocusing curve for any � (or any diffraction), similar
to the ones for Al and Cu diffractions as given in Fig. 2, by an interpolation
(or extrapolation) method from enough experimental data.

Using the deduced function relation between diffraction intensity and Bragg angle,
some recalculated correction factors of defocalization for Al and Cu diffractions are
given in Fig. 4. One can see that these are in nice agreement with the experimental
results. Fig. 1 also displays the interpolated effect of defocusing on (110)NiTi-diffraction
of the NiTi film specimen with Cu-K� radiation. As shown, the diffraction intensity
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FIGURE 2 Reflected intensities of randomly oriented samples with Cu-K� radiation: (a) Al powder
sample; (b) Cu powder sample.
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FIGURE 3 Polynomial fit of relationship between defocusing effect and Bragg angle � with respect to a
fixed tilting angle: � (a) �¼ 60�; (b) �¼ 75�.
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FIGURE 4 Experimental and interpolated defocusing effect: (a) Cu(111); (b) Al(311).
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decreases with the increase of tilting angle �, caused by defocusing. The variation of
normalized intensity vs. � can be used as the correction factor of defocusing for a
fixed �, such as done in the above-mentioned correction of irradiated volume.
Divided by the correction factor, a diffracted intensity, corresponding to � 6¼ 0�, will
be normalized to the one at �¼ 0�.

Combining both correction factors for defocusing and irradiated volume, the total
correction factor is also illustrated in Fig. 1.

3. EXPERIMENTAL VERIFICATION

The incomplete pole figures (110), (200) and (211) with �� 80� for the NiTi-film,
as mentioned in the above chapter, were measured by using Schulz reflection method
and Cu-K� radiation. In Fig. 5(a) the results are given directly from raw data. After
correction by use of the total correction factors, including the defocusing and the irra-
diated volume correction, the corresponding pole figures are shown in Fig. 6(a).
It can be determined from the two sets of pole figures that there are stronger
(110)- and (111)-fibre textures in the normal direction (ND) to the surface in the
film. As known, the error of experimentally determined pole figures will influence
the precision of ODF (Orientation Distribution Function) analysis (Bunge, 1982).

FIGURE 5 Pole figures without defocusing and irradiated corrections: (a) experimental; (b) recalculated.
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The larger the error of original pole figures, the larger the distortion of recalculated
results by ODF analysis. In order to compare the analyzed results before and after
the above-mentioned correction, the recalculated pole figures (�� 80�) for the two
cases are given respectively in Figs. 5(b) and 6(b). For comparison, the experimental
pole figures in Figs. 5(a) and 6(a) were normalized as

Z 2�

0

Z �max

0

pð��Þexp sin � d� d� ¼

Z 2�

0

Z �max

0

pð��Þrecal sin � d� d� ð3Þ

where p(��)exp is the experimental pole figure (raw or corrected) and p(��)recal is
the recalculated one. From Figs. 5 and 6 we can see, although the distributions of
the maximum in both results are similar, an additional strong ring appears near to
�¼ 80� in the recalculated pole figure (110) only in Fig. 5(b), which is absent in the
experimental one. The error between the experimental and recalculated pole figures
can be quantitatively estimated by

Error ¼

R 2�
0

R �max

0 pð��Þexp � pð��Þrecal

���
���2sin � d� d�

R 2�
0

R �max

0
pð��Þexp

���
���2sin � d� d�

ð4Þ

FIGURE 6 Pole figures after defocusing and irradiated corrections: (a) experimental; (b) recalculated.
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The calculated errors for Figs. 5 and 6 are listed in Table I, which indicates an improved
result after correction.

4. CONCLUSIONS

1. A lot of the technologically used thin films and coatings have a thickness smaller
than the penetration ability of X-rays. In order to measure and analyze the textures
in the materials by XRD, one has to consider the influence of not only defocusing
but also irradiated volume on diffracted intensities caused by specimen tilting.

2. When the absorption of X-rays in the thin films and coatings is known, the effect
of irradiated volume on diffracted intensities can be theoretically predicted and
eliminated.

3. If a randomly oriented standard specimen is difficult to prepare, the correction
factor for defocusing effect can be approximately determined by the interpolation
(or extrapolation) method proposed in the present work.
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