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2. INSTRUMENTATION AND SAMPLE PREPARATION
al., 1999; Hanan et al., 2004). Since a 2D diffraction pattern covers
the whole or a large portion of the diffraction rings, it can be used
to measure stress with higher accuracy and can be collected in a
shorter time than a conventional diffraction pattern, especially
when dealing with highly textured materials, large grain sizes,
small sample areas, weak diffraction, stress mapping and stresstensor measurement. The 2D method for stress measurement is
based on the fundamental relationship between the stress tensor
and the diffraction-cone distortion (He & Smith, 1997; He, 2000;
European Standard, 2008).
There are two kinds of stresses, which depend on the source of
the loading forces that produce them. One kind is applied stress,
caused by external forces acting on the solid object. Applied
stress changes when the loading forces change and it disappears
once the forces are removed. The stresses measured by X-ray
diffraction method are mostly residual stresses. Residual stress is
caused by internal forces between different parts of a solid body.
Residual stress exists without external forces or remains after the
external forces have been removed. The net force and moment
on a solid body in equilibrium must be zero, so the residual
stresses in the body must be balanced within the body. This means
that a compressive stress in one part of the body must come with
a tensile stress in another part of the body. For example, the
residual stress in a thin ﬁlm is balanced by the stresses in the
substrate. When residual stress in a solid body is mentioned it
typically refers to a speciﬁc location.
Residual stresses are generally categorized as macroscopic or
microscopic depending on the range over which the stresses are
balanced. The macroscopic residual stress is the stress measured
over a large number of grains. This kind of stress can be measured
by X-ray diffraction through the shift of the Bragg peaks. The
microscopic stress is the stress measured over one or a few grains,
or as small a range as micro- or nanometres. This kind of stress
alone will not cause a detectable shift of diffraction peaks, but is
reﬂected in the peak proﬁles. In this chapter, we will focus on the
X-ray diffraction method for stress measurement at the macroscopic level.

Figure 2.5.23
Combined pole ﬁgure of a Cu (111) ﬁlm on an Si (400) substrate: (a)
regular 2D projection; (b) 3D surface plot.

mized in the centre of the pole ﬁgure shows a strong (111) ﬁbre
texture. The orientation relationship between the ﬁlm ﬁbre axis
and the substrate is clearly described by the combined pole
ﬁgures. For samples containing multiple thin-ﬁlm layers, the
orientation relationships between the different layers of the ﬁlms
and substrate can be revealed by superimposing their pole
ﬁgures.

2.5.4.3.1. Stress and strain relation
Stress is a measure of the deforming force applied to a solid per
unit area. The stress on an elemental volume in the sample
coordinates S1, S2, S3 contains nine components, given by
2
3
11 12 13
ð2:5:63Þ
ij ¼ 4 21 22 23 5:
31 32 33

2.5.4.3. Stress measurement
When a solid material is elastically deformed by a force, each
crystallite in it changes shape or size. Assuming that the stresses
in each crystallite represent the stresses in the solid, the stresses
can be measured by measuring the lattice d-spacing changes in
the crystallites. These d-spacing changes can be measured by the
changes in diffraction-peak positions based on Bragg’s law. In this
case, the d-spacing serves as a gauge of the deformation. Stress
measurement by X-ray diffraction is typically done using a point
detector or line detector (Walter, 1971; James & Cohen, 1980;
Noyan & Cohen, 1987; Lu, 1996); this will be referred to as the
conventional method. The stress or stress tensor is calculated
from many strain measurements from diffraction-peak 2 shifts
of a speciﬁc lattice-plane family. With a point or line detector,
only a small cross section of the diffraction cone is measured at
one sample orientation ( , ’). Compared to using a conventional
detector, 2D detectors have many advantages in stress
measurement (Borgonovi, 1984; Korhonen et al., 1989; Yoshioka
& Ohya, 1992; Fujii & Kozaki, 1993; He & Smith, 1997; Kämpfe et
Copyright © 2018 International Union of Crystallography

A component is normal stress when the two indices are identical, or shear stress when the two indices differ. The group of the
nine stress components is called the stress tensor. The stress
tensor is a tensor of the second order. Under equilibrium
conditions, the shear components must maintain the following
relations:
12 ¼ 21 ; 23 ¼ 32 and 31 ¼ 13 :

ð2:5:64Þ

Therefore, only six independent components deﬁne the stress
state in a solid. The following stress states are typically measured:
Uniaxial: all stress components are zero except one normal
stress component.
Biaxial: all nonzero components are within the S1S2 plane.
Biaxial with shear: 33 ¼ 0, all other components are not
necessarily zero.
Equibiaxial: a special case of biaxial stress where  11 =  22 = .
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