Chapter 7
X-Ray Diffraction Residual Stress Analysis in
Polycrystals

In the previous chapters, the X-ray analysis has been applied to the samples with
the electron density distributed uniformly in a macroscopic volume: the constant
value for XRR analysis and three-dimensional periodic function in case of HRXRD
analysis. These samples are usually grown with a predicted design to realize certain
physical or mechanical properties of a final structure. The natural materials, however,
possess in most cases the mixed structure, consisting of a large number of crystallites
of various shape and size with random distribution over the sample volume. This kind
of physical structure is called a polycrystalline form and it occurs in the majority of
existing samples.

The non-destructive X-ray studies explore the properties of polycrystals, which
influence the macroscopic characteristics of the products made of polycrystalline
materials. There are different methods of X-ray analysis described in numerous
monographs: the powder diffractometry performs the chemical and structural analy-
sis of the material [1] and determines the grain size [2] and microstructural imperfec-
tions, the texture X-ray analysis studies the preferable orientations of the crystallites
[3], X-ray stress analysis evaluates the residual stresses and strains in the samples
[4, 5].

The chapter deals with the residual stress analysis, and the theoretical concepts
described in previous chapters are used here to interpret the X-ray residual stress
measurements. The first section introduces the basic physical definitions used fur-
ther in X-ray stress analysis. The most difficult part of the theoretical interpretation is
adescription of the elastic interaction between crystalline grains which influences the
microscopic properties of the crystallites. The second section presents the approxi-
mations and models used for solution of this problem. The third section considers the
powder X-ray diffractometry in a connection with X-ray stress analysis. The forth
section deals with the macroscopically isotropic samples, and the expressions for
X-ray elastic constants are derived. The covariant methods and vector parametriza-
tion of the rotation space group are utilized to simplify the operations with tensors.
Finally, the macroscopically anisotropic material are discussed in the fifth section of
this chapter.
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7.1 X-Ray Stress Measurements

The residual stresses are defined by the distribution of the forces and the moments of
forces, which exist in an equilibrium state in the polycrystals. The stresses influence
the mechanical properties and the fatigue life of a material under external exposure.
The residual stresses are the result of the elastic or plastic deformation of crystallites,
and the distribution of the stress in a volume is distinguished by the several scales,
o = o7 + or; + or7 [4]: (1) macroscopic, where the stress oy is averaged over
the large number of grains, (ii) mesoscopic, where oy is an average stress inside
grain, and (iii) microscopic, where o;y; describes the fluctuation of local stress
inside a crystallite around value o;;. The mechanical properties of the sample are
defined mostly by macro-residual stress oy, the evaluation of which by X-ray stress
measurements involve the calculation of o;; and o7 as well (Sect.7.2).

The real microstructure of polycrystals is very complex. For the description of
areas with coherent crystallographic structure, there are different spatial scales and
naming conventions for micro-objects exist: crystallite, subgrain, dislocation cell,
cell-block, grain and others [6]. Depending on the material, these objects have various
relationships. In this chapter, we are not focusing on any particular material and
therefore use the words crystallite and grain as synonyms.

In according to elastic theory [7], the stress tensor o;;(r) in the position r is a
symmetric tensor of a second rank which defines the force density F; acting on the
square dS; = n;dS as follows:

Fi(r) =0ij(r)n;dS, i,j=1,2,3, (7.1)

where 7 ; are the components of a normal vector to the square 4§ and the repeating
indices are summed up accordingly.

In general case, the components o;; (r) have different values in different crystal-
lites, however, the averaging over all grains results in a macro-residual stress:

oij = (04 (r)), (7.2)

which has to be evaluated in the most of the practical applications and is a target of
the residual stress analysis.

Thereafter, we consider the basic principles of X-ray diffraction stress analysis
for polycrystals with uniform and isotropic distribution of the crystallites [4, 5, 8].
The stresses o;; in the sample lead to the variation of the interplane distances inside
the crystallites, and the value djy; for the plane {hkl} depends on the orientation of
grain in a polycrystal (Fig.7.1).

The linear dimension of the grains in polycrystalline materials is essentially less
than the extinction length of X-rays, and according to (6.77) the X-ray scattering
from a single grain is described by a kinematical diffraction theory. The position of
the diffraction peak for the radiation with the wavelength ) is determined by Bragg
law:
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Fig.7.1 X-ray diffraction from polycrystalline sample to measure residual stress inside the sample

2dpir Sin O = A, (7.3)

where angle 6y, is a Bragg angle for reflection hkl. Assuming the value d}(l(,)()l and

Bragg angle 9,(1(,)()1 are known for the investigated crystal under the non-stressed condi-
tion, the measurement of the position of the diffraction peak 6;; delivers the elastic
deformation of corresponding crystallographic planes:

0)

0)
i — d
M= I (G — 09 cot 01). (1.4)

(0)
dhkl
This value is a component of the strain tensor ¢;; (), which depends on the coordinate
and is connected to the stress tensor by Hooke’s law [7]:

€j(r) = sijr(ryow(r), (7.5

where s;ji;(r) is a local compliance tensor, which may vary both inside grain and at
the grain boundary (Sect. 7.2). In a primitive model of uniform and isotropic polycrys-
tal consisting of the isotropic grains [5], the averaging over the coordinates in (7.5)
establishes the relationship between the measured average strain tensor ¢;; = (¢;; (r))
in sample, the evaluated macroscopic stress tensor o;; and the compliance tensor
Sijxi» which is referred to the whole polycrystal but for uniform sample contains two
parameters Sy, 1/2S, [7] only:

Oikdj1 + 6116 jik

> i| ok, (7.6)

1
€ij = (Sijki(r)ow (r)) = Sijrow = |:515ij5kl + 552

These parameters are expressed through the Young modulus E and Poisson ratio v
as:
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Fig. 7.2 The coordinate systems used in X-ray diffraction residual stress analysis in polycrystals
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Each of three tensors in (7.6) has a simplified form in various coordinate systems
used for residual stress analysis (Fig.7.2).

The coordinate system S is related to the sample as a whole, and the axis z(i = 3)
coincides with the normal to the sample surface. In the coordinates S, the components
of the macroscopic stress tensor o;; are initially defined. The laboratory coordinate
system L is set to merge the direction of the axis z’ and reciprocal lattice vector H
of crystallites, corresponding to the Bragg angle 26,;;. This direction in a system
S is defined by the unit vector y(¢, ¢); Q = Qy = 27Ty/ hkl with angles i) and
¢ (Fig.7.2). The definition of the vector y is possible by other parameters, which
can be more convenient for interpretation of the measurements from the samples
with preferred orientations, see Sect.7.3. The experimentally measured strain (7.4)
defines the component of strain tensor ehlg = 63L3 in a coordinate system L.

Finally, the crystallographic coordinate system C is defined by the crystallo-
graphic axes of crystallites, and the stiffness tensor is set in this coordinate system.
Assuming the uniform and isotropic sample model (Sect.7.2), the parameters S lc and
S2C are equal for all grains and calculated from the crystallographic parameters of a
crystal composing a crystallite. They also coincide with the macroscopic parameter
S1 and > of polycrystal in Eq. (7.6).

In isotropic polycrystal, the components of the strain tensor (7.6) in system S are
expressed through the value 633 by three components of the rotation operator T( y)
(Fig.7.2):

Z/;l = 633 =T (}’)611 13(.)’) (7.8)

which is the same as vector (y) is the system S:

T3 (y) = Ti3(y) = (sint) cos ¢, sin 1) sin ¢, cos ). (7.9)
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Using the Egs. (7.6)—(7.9), the relationship between the measured by X-ray dif-
fraction strains and components of the residual stress tensor is:

1
e%f = ESZ sin® Plon cos? ¢+ o128in2¢ 4 022 sin® ¢ — 033]

1 1
+ ESZ sin 2¢[o13 cos ¢ + 023 sin @] + Sy (011 + 022) + 033(552 + S1).
(7.10)

The Eq.(7.10), named often as fundamental equation of X-ray stress analysis,
contains 6 unknown components of the stress tensor. They can be found as a solu-
tion of the system of linear equations obtained from the measurement of strain at 6
different angles v and ¢. The values of the diagonal and non-diagonal components
of the strain tensor may differ essentially, and thus even small errors in the measured
positions of the diffraction peaks make the analysis unstable. Therefore, another ana-
lytical methods utilizing the specific features of Eq.(7.10) are used for the treatment
of X-ray data. The most commonly used technique is a sin” ¢ method, introduced
for the first time in [9].

The method is based on the fact, that the boundary conditions of the sample shape
are not essential for uniform and isotropic macroscopic polycrystal. Therefore, the
coordinate system S is approaching the system P of the stress tensor [7], where
oij = 0;0; j: 0i = o;; and thus tensor contains the diagonal elements only. In
this case, the dependence of the function €”X! on sin® ) at fixed ¢ is defined by a
straight line (Fig. 7.3a). Thus, the interpolation of several measurements carried out
at different sin? ) and ¢ = 0 and ¢ = 7/2 by a straight line makes it possible to
calculate values 011 and 02> from the inclination angles of the line. The intersection
of the line with the ordinate delivers the value 033.

As follows from (7.10), the presence of non-diagonal components in o5, i.e. the
deviation in the directions of the axes of S and P systems, leads to the dependence of

efpﬁf on the sign of the calculation angle . This fact results in elliptical form of the

curves EZIZ (sin?), which allows to calculate the values o3 and 023, too (Fig.7.3b).

For anisotropic and non-uniform polycrystals, the method described above does
not permit to calculate the components of the stress tensor, however, the curves
ehw’f; (sin*1)) are helpful to investigate qualitatively the distribution of the stresses in
the sample, for example, presence of stress gradient or texture (Fig. 7.3c, d).

The quantitative residual stress analysis in case of essential deviations from sin® ¢
law assumes the averaging of (7.6) by using microscopic models (microstress) for
separate grains and their elastic interaction (7.2) as well as the consideration of texture
of polycrystalline sample (7.3). In general case, the resulting equations contain a
complicated relationship between the microscopic compliance tensor of separate
grains and components of macroscopic tensor S;j; referred to the whole sample. In
the framework of macroscopically isotropic model and in the presence of anisotropy
inside grains, the Eq.(7.10) can be used to interpret the experimental data:



270

C)

X-Ray Diffraction Residual Stress Analysis in Polycrystals

(b)

00 02 04 _06

00 02 04 06 08 10

sin’y siny
(c) (d)
4 w
w
00 02 04 06 08 10 00 02 04 06 08 10

.2
sin“y

Sinz\y

hk

: : : 1(oin? ; : .
Fig.7.3 Typical shapes of the function €, (sin~v) for the measurement of strain by point detector:

a linear function in case of diagonal stress tensor, b elliptical function in case of non-zero o3 and
023, ¢ oscillating function in the presence of texture, d parabolic function in case of strong gradient
of 0;j(z) toward the normal to the sample surface

akl L hki

o = 552 sin? Ylog cos? ¢+ o132 8in2¢ + 097 sin? ¢ — 033]

1 1
+ ESélkl sin 2¢[o13 cos ¢ + 023 sin ¢] + S{lk[((fll + 022) + 033 (ESgkl + S{lkl) .
(7.11)

Here the coefficients Sé‘kl and S{‘kl depend on the diffraction vector and can be
considered as phenomenological X-ray elastic constants [2] (see Sect.7.4 for more
details).

There are several improved techniques of X-ray measurements, which optimize
the study of residual stresses in polycrystals. The grazing-incidence X-ray diffraction
(GIXRD) s used for the investigation of stress gradients in surface layers and coatings
[8]. At small incidence angles « near the critical angle of total external reflection a,
the diffraction peak is formed in the grains located in the depth, which depends on
the incidence angle (Fig.7.4).

The depth, where 63 % of the full intensity of diffraction peak is formed, is called
informational depth 7 and for thick layer it is expressed as [2]:
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Fig.7.4 In GIXRD geometry,
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o) = N = — .
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where (3 is an imaginary part of the refraction index n = 1 — § — i3 (see Chap. 1).
By varying the incidence angle of X-rays, the stress can be measured from differ-
ent distances in-depth from the surface. At the angles comparable with o, where
sin? a, = 26, the refraction of both incident and exit beams becomes essential
(Fig.7.4), which results in the angular shift of the diffraction peak at 26 with respect
to the Bragg angle 26"* in formula (7.4). The corrections for refraction change also
the informational depth and have to be accounted for the reconstruction of stress
gradients [10]. The formulas for the corrections are:

hkl _ . L B+(04)_ _ B, (20 — 04).
20" = () + ap(a); tana; = oo tanoy = —cos(ZG )’
7'/(04) = T(a)m§
Bi(a) = %[\/(sinz o — 26)2 + 432 £ (sin® o — 26)]"/2. (7.13)

The transition layer at the surface sample caused by roughness (Chap.3) also
distorts the informational depth and the corresponding corrections have to be applied
for calculation of stress gradients [11].

The Eqgs. (7.10) and (7.11) are used above for the experimental geometry, which
measures the shift of diffraction peak at fixed indices (hkl), i.e. by varying the
direction y(2)) of the diffraction vector Q atfixed length Q. However, these equations
are valid for the case of different indices, when the angle whkl is connected to the
Bragg and the incidence angles as:

Y= gkl — o, (7.14)
and varies from one diffraction peak to another without rotation of sample. This

approach is called multiple ikl stress evaluation and is used in GIXRD geometry to
evaluate stress gradients [10, 12]. The Eq.(7.11) is applied in this case in the form
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[12]:

1 . .
egkl = ESé'kl[ao sin® ’(/)hkl + 74 sin 21/)th] + S{’kl (o11 +022);
0y =011 cos’ ¢+ o1281in2¢ 4+ 022 sin® @; Ty = 013€08 ¢ + oo3sin¢g. (7.15)

For determination of the values o4, 74 and (o + 022) at fixed ¢, it is enough
to measure the strain for 3 reflections. However, the equation system obtained can
be badly defined or has no any exact solution due to big difference between o4 and
74. Therefore, in practice the multiple measurements are performed and the stress is
calculated by fitting the strain for all reflections on the basis of formula (7.15) [10].

The presented above technique of X-ray diffraction stress measurements is com-
monly used and utilizes a point or linear X-ray detectors, which record the scattered
X-ray signal in the diffraction plane corresponding to the angle ¥ (Fig. 7.2). Recently
the two-dimensional detectors became popular for residual stress measurements [13].
In that case, the diffraction signal from the uniform polycrystal is exposed as Debye
rings with the radius defined by the reflection (hkl) and with variation of the angle
along the Debye ring between 0 and 27. The detection of X-ray signal out of the
diffraction plane introduces another degree of freedom in the relative arrangement
of the coordinate systems and this fact requires the modification of the Eq.(7.11) for
residual stress analysis. The derivation of a new equation for two-dimensional data
is done in [13]. This technique offers an extended opportunities for stress analysis in
the samples with large size of grains and highly textured materials.

Independently on the X-ray measurement technique used for stress analysis, the
results are strongly influenced by the selected model of grain interaction and the
distribution of grains in a sample, as reflected in the Hooke’s law (7.5). This important
issue is discussed in the following sections.

7.2 Grain-Interaction Models

The stress and strain inside the single crystallite (grain) are connected by the Hooke’s
law. The Bragg peak, however, is formed by the signals coming from the number of
grains with different rotation angle « (Fig.7.2). Within this set of grains, there are
different magnitudes of microscopic strain and stress observed, which differ from
the macroscopic values to be evaluated. Therefore, the relation between the strain
€ij(g) ) ina single grain (coordinate system (.5)) having orientation g and the macro-
scopically averaged stress tensor (o ;) (5) has to be established. This relationship will
help to find the dependence between macroscopic stress in a sample and measured
experimentally by X-ray diffraction strain. Within the framework of linear elasticity
theory, this relationship is expressed as:

e (9) = Aiju(@)iou)®. (7.16)
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The coefficients A;jx;(g) depend non-linearly on the orientation of grain g and on
the stiffness tensor of grain cl(/ck)l

The problem of calculation of macroscopic parameters of the sample consisting
of non-uniform areas has a long history [14]. The determination of averaged elastic,
dielectric, electroconductive and thermoconductive properties have a similar mathe-
matical formulations in linear theory. The elastic properties of polycrystal are found

from the equations of the elastic equilibrium with the boundary conditions:

njle =i njlr, (7.17)

j 1 2 1
——cikji(r)— =0, M,( Ir = ul( )IF,U,»(]-)

where c;y; (r) is a stiffness tensor, which varies from one crystallite to another when r
varies, I" is a boundary between regions (1) and (2) with the normal n. The boundary
conditions for electrostatics in media have similar form:

0 ¢ 1 2 6] 2)
8—Xi€ij(r)aTj = 0, Qﬁ( )|F = QS( )|F7 Dj nj|[‘ = Dj nj|rv (718)

where €;; is a permittivity, ¢ is a potential and D; is an electric displacement field. By
substituting ¢;; for the tensor of electroconductivity and D; for the current density,
we obtain the equations for electroconductive properties of material. By substituting
¢ for the temperature and ¢;; for the tensor of thermal conduction, and D; for the
heat flux, we obtain the equations for thermoconductive properties, and so on. Thus,
the methods developed for one branch of physics can be transformed to another.
With regard to the elastic properties, however, the mathematical background is more
complex due to the involvement of tensors of higher rank and vectors u; instead of
the scalar ¢.
There are following approaches to the solution of above-mentioned problem:

e Exact solutions for certain models, for example, the exact solution of the Eq. (7.17)
for adjoined isotropic spheres with similar properties in isotropic surrounding, so
called composite sphere assemblage [15, 14]. The number of these models, which
allow an exact solution is relatively small.

e The methods based on the expansion into series over small parameter. The small
parameter can be concentration of particles in composite material [14, 16], the
anisotropy degree of the crystallites in a sample [17], and so on. In case if the para-
meter is not small, the series can be used for qualitative analysis [18]. An equivalent
formulation of this approach is a chain of the equations Born-Bogolubov-Green-
Kirkwood-Ivone [19].

e The methods for determination of lower and upper boundaries of the macroscopic
parameters [14, 18]. These methods are based on the variation principle: the exact
solution of the Egs. (7.17) and (7.18) minimizes the energy.

e Self-consistent methods, where the ansatz for (7.17) and (7.18) is constructed
as follows: the interaction between particles is substituted for the interaction of
separate particle with effective media, the properties of which have to be found.
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The effective permittivity has been found by Bruggeman [20] using this method.
For the elastic properties of polycrystalline materials, the self-consistent methods
are based on eigenstrain approach [21], where the Eshelby problem is solved for
the stress initiated by the inclusions [22]. Based on this approach, Kroner proposed
a self-consistent method for calculation of elastic properties of polycrystals known
as Eshelby-Kroner model [23].

e The method based on the simplified models of grain interaction. Instead of solution
of (7.17), the ad hoc assumptions are used for distribution of stresses and strains in
grains [24]. As a result, the boundary conditions (7.17) are broken, however, the
proper selection of model allows to obtain a good fit between experimental data
and theory.

e A numerical solution of (7.17) and (7.18) and further averaging of the prior found
fields. This approach is frequently used for optical properties of metamaterials [25].
In opposite to the artificial metamaterials, where the fragments are designed ini-
tially, the polycrystalline samples obey many random parameters. For the numeri-
cal solution of (7.17), the shape and crystallographic orientation of each crystallite
have to be known. The method of finite elements is proved [26, 27] to show a good
agreement with analytical methods.

Hereafter, we consider the frequently used models and methods for solution of
Eq.(7.16).

7.2.1 Voigt Model

The first grain-interaction model has been proposed by Voigt in 1910 [28]. This
model assumes that all crystallites have the same strain ¢;; independently on their
orientations. As a result, the microscopic strain equals to the averaged macroscopic
one:

6 @ = ;). (7.19)

Thus, the stress tensor in crystallite with orientation g is calculated by formula:
s s s
o)) = e @), (7.20)

where cfjs,gl (9) = ngjg?kk,ll, (g)cf,?k,l, is a stiffness tensor of crystallite with orien-
tation g 1n coordinate system (5). To derive the relationship (7.16), the macroscopic
stress tensor (o; j)(s) has to be determined. For determination, the Eq.(7.20) has to
be averaged over crystallite orientations g with respect to the orientation distribution
function (ODF) f(g), (see more detailed discussion on ODF and transformation

TGO in the Sect.7.4):
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S S S
(0:)) = Copter), (7.21)

S _ [ 53 (sc
Cijki —/d gf(g)T,,,”,kk,”,(g)c -
Using (7.19), (7.21) and (7.16), the following statement is obtained for Voigt model:
Al = (€™ (7.22)

In this model, the tensor AV ikl is independent on the crystallite orientation g, which

results in a linear character of sin? 1) even in the presence of texture.

The Voigt model is a pretty rough approximation for grain interaction, where the
boundary conditions of the elasticity theory (7.17) are deliberately not satisfied. The
strains are continuous at the boundaries of crystallites, however, the stresses suffer
the discontinuity (7.20). The totally opposite situation occurs in a Reuss model.

7.2.2 Reuss Model

The Reuss model [29] assumes all the crystallites have the same stress o;; indepen-
dently on the orientation. As a result, the microscopic stress of a single crystallite
equals to the macroscopic one averaged over the whole sample:

S s
017 (g) = (0}}). (7.23)
The strain tensor of a crystallite with the orientation g is:
S s s
e (9) = s5u @), (7.24)

where Sz(]Sk)z (g9 = l(lsjcl?kk,”,(g)sl.(,i,)k,l, is a compliance tensor of crystallite with

orientation g in a coordinate system S. By comparing (7.24) and (7.16), we conclude:
l/kl(g) = s,jk](g) (7.25)

where tensor A 5. 1 depends on the crystallite orientation g, which leads to the non-

linearity of sin® 1) in the presence of texture.

The Reuss model is similarly rough as the Voigt one: the boundary conditions of
the elasticity theory are not fulfilled. In opposite to the Voigt model, the stresses are
continuous at the crystallite boundaries and the strains (7.24) are discontinuous.
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7.2.3 Hashin-Shtrikman Boundaries for Rigidity Modulus

The models of Voigt and Reuss describe the limiting cases of grain interaction. The
microscopic mechanical elastic constants binding (o;;) and (¢;;) are shown in [30]
to satisfy the inequality:

KR<Kk <KV, GR<G<GY. (7.26)

Here K and G are real values of macroscopic bulk and rigidity moduli, and
KR GV-R are the values found by Voigt and Reuss models.

The result (7.26) can be illustrated by analogue with the electrical conductivity
[16]. In the Reuss model, all grains have equal stress value, which by analogue with
(7.17) and (7.18) corresponds to equal current in all conductors. Thus, the Reuss
model is analogous to the sequential connection of the conductors, which results in
the highest resistance value. The Voigt model corresponds to the equal voltage on all
conductors, and thus is analogous to parallel connection, which gives the minimal
resistance. For any other types of connection, the resulting resistance will have an
intermediate value between the ones mentioned above.

Despite both Voigt and Reuss models are very approximate, the expressions (7.25)
and (7.22) do not depend neither from the grain shape nor from their mutual locations.
Is it possible to obtain more accurate limits and to identify which information about
the crystallites is required for this purpose, we analyze below the Eq. (7.17) following
the work [18].

Let us split stiffness tensor ¢;xj;(r) into sum of constant tensor Cjj; which we
define later and tensor dc;x;; (r) which varies from crystallite to crystallite:

cikj1(r) = Cigji + dcixji (r). (7.27)

The Eq.(7.17) is then expressed as:

2
Cikﬂm’/‘j + fi(r) =0, fi(r) = %50%1'1(")2—2- (7.28)
The structure of this equation is similar to one of (6.26): there is a constant differential
operator Cjj jl% analogous to Lo in (6.26) and a fluctuating term. Based on the
Eq. (7.28), we have to find the averaged effective parameters of the physical system,
and therefore use the methods similar to the ones described in the Sect. 6.2, namely
represent (7.28) in an integral form:

wir) = ui () + / & G (r, ) £, (7.29)
2

Cii
ikjt kaax;

Gjm(r, r') +dimd(r —r") =0,
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where G (r, r') is a Green function of the elasticity theory [7, 21]; and the arbitrary
solution of the uniform equation u; (r)(?) is chosen to satisfy the boundary conditions
at the border of polycrystal. Then the Green function has to satisfy the condition:

Gimr,rlrer =0 (7.30)

at the boundary of the polycrystal. By integrating and using (7.29) and (7.30), we
arrive at:

,0G;;i(r,r") Ou, (r')
ui(r) = u;(r)© —/d3r éTécjknl(r’) o (7.31)

To calculate the strains, the Eq. (7.31) has to be differentiated:

0Gij(r,r")

/ /
jkn n ) 32
By, Ocjknt (r')en (r') (7.32)

(1) = ey ~ [ &'

where due to the symmetry of the stiffness tensor with respect to the transposition

of indices ! 5¢ixn () 22 = §¢ it (F ) ens:
J x| J

aiijybij = aijbij)- (7.33)
The expression (7.32) can be written as:
e=€eY —T:dc:e (7.34)

where symbol : means the convolution over two indices, and I is an integral operator
[18]:
0Gj(r,r")

By £. (7.35)

mwnm=/fﬂ

Using this equation, the expression (7.16) can be re-written in an operator form. By
reversing (7.34):
e=1+T:8c)":e?, (7.36)

where 1 is a unity tensor of 4th rank. We assume that the strain ) at the boundary of
polycrystal is uniform (the general case is discussed in [18]), then the macroscopic
strain (€) is equal to e©:

(e) = €. (7.37)

I The parenthesis near underlined indices mean the symmetrization operation, a ju = %(a,- ki +
ajik). In these notations, the symmetry of stiffness tensor relatively the transposition of indices has
aform c;jx = ¢ jyu = cij = c(ijky» where the latter equality means the symmetry with respect
to the transposition of index pair.
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Applying the Hooke’s law, we obtain for macroscopic values:
(o) =Cp: €9, (7.38)

and for microscopic values:
o= (C+Jdc):e. (7.39)

After averaging (7.39) and using (7.36), the expression for macroscopic stiffness
tensor is:
Cy=C+(c:1+T:50)7"), (7.40)

and the relationship (7.16) is found to be:
A=Q1+T:507":C;) (7.41)

Within the accuracy of approximation (7.17), these expressions are exact. How-
ever, similarly to the case of (6.33), for the calculation of (7.40) and (7.41) the
operators have to be found, which are inverse to the non-local integral operators.
This is a challenging problem, and the models of Voigt, Reuss and Eshelby-Kroner
are the approximate methods to calculate (7.40) and (7.41).

In the same way as in (6.33), the inverse operators can be represented as an
expansion into series, and thus (7.40) is written as:

Cy=C+ (0c)—(6c:T :dc)+... (7.42)

The first two terms in (7.42) correspond to the Voigt model, whereas the same
formula, being constructed not from stiffness tensor C but from compliance tensor
S, will correspond to Reuss model. In both approximations, there is no need to know
the shape and mutual arrangement of the crystallites, however, for the calculation of
the subsequent term in the series this information is necessary. Indeed, the operator
I' is non-local, and therefore for calculation of the third term in (7.42) the value
(dc(r1)dc(ryp)) must be known, which is a correlation function of the second order
for the elastic properties of polycrystal. To calculate further terms in the series, the
correlation functions of higher order must be simulated. In general case, the series
(7.42) is divergent, and the special summation techniques have to be applied for the
final calculation [18].

Using the derived above equations, the expressions for upper and lower limits of
the macroscopic stiffness tensor Cj; can be obtained. To isolate the operator I', the
equation (7.34) is re-formulated as [18]:

e '+ :6=€9, F=dc:e (7.43)

This equation for fluctuating stress parameter o can be considered as a consequence
of the minimization of the functional:
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0F[o c:6¢c':5 &&:T:&
o1 _ ﬂa:/}ﬁc'c 7.2 za—ax@) (7.44)

oo

Alternatively, using (7.43) the functional F[a] is:

5 e® . c- )
F[a’.] — _/d3r0 € _ /d3r € € _ O . € (745)
2 2 2

C_CM .6(0)
2 ' ’

=ve®:

where Eq.(7.38) is used and V is a volume of the polycrystal.

As follows from (7.44), the exact solution of (7.43) delivers the extremum of
the functional F[&]. If the value d¢~ ! is positive definite, 2 the extremum will be a
minimum [18]. For any probe field & pobe, the following inequality is satisfied:

—C — CM : 6(0).

F[&probe] = Ve® ! 5

(7.46)

By reduction of F [&pmbe] to the form Ve©® : % - €9 the Eq. (7.46) delivers the
upper limit for C ;. Using a similar algorithm for the compliance tensor S, in case
of negative definite value d¢~ !, we obtain [18]:

C—Cu . o

F[&probe] =< Ve B . ,

(7.47)

from where the lower limit for C, is received. To explicitly calculate both limits,
the following probe field is used:

Fprobe = D, 00O (r), (7.48)
n

where the sum is performed over all grains of polycrystal, and the field inside each
grain is assumed to be constant. The function ®,, (r) describes the shape of n-th grain:
®, (r) equals to 1 inside grain and to 0 outside. The coefficients o, are determined
by the minimization of the functional F, which for the field (7.48) is:

2 To clarify whether the tensor is positive definite, the special representation (7.121)
is used (see Sect.7.4). In this representation, the positive definition corresponds to
C = (3kc, 2min(ue, p1L), 2min(ue, p1.)), and negative definition to C = (3K, 2 max(pic, (L),
2 max (fc, f1..)), respectively.
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~ o, 0c\ 5,
F[G,] = Vn“+a (7.49)

T [dPrid’ry©,(r))0u(r)l(ri,r) : oy — .0
+ z > — ; V.o, €.

n,m

With respect to the coefficients o, the expression (7.49) is a quadratic form
of type % Zn,m AnmGnOm + D, buoy. It can be easily found that the extremum is
% >, buon™, where 6, * is asolution of the equation >, @ym0m ™ +b, = 0. Applying
these expressions to (7.49), the extremum of the functional is found to be:

1
F = -3 Zn V,o,k e, (7.50)

Vube, a4 zm/d3r1d3r2®n(r1)®m(r2)1"(r1,rz) comt = Ve,

As follows from (7.50), due to the operator I' the expression for o,* is non-local
and requires the correlation function for the grain shape. The function I is calculated
on the basis of Green function with the boundary conditions (7.30). The functions
I' and I'* calculated for infinite crystal can be connected for fluctuating o. By
neglecting the condition (7.30), the additional term appears in (7.31), which includes
the integral over the surface:

i (r) = u;(r)©® (7.51)

3 laG?f(r,r’)N , 5 ~ .,
—/d r Tajk(r)+/d SnkGij (r,r)Ujk(r )
k

In case of uniform boundary conditions, the averaged values (o) and (€) are also
uniform, and we can assume the value (o) uniform, too. In the integration of (7.51)
over the surface, the contribution from (&) is compensated [18]. By using the Gauss
theorem and replacing the displacements by strain, the expression analogous to (7.34)
is obtained:

e=e? —_T%: (5 — (). (7.52)

Substituting this expression in (7.50) and applying the translational invariance, we
arrive at:

Vide,' 1 Ga+V Y / d*p fum (P)T™(p) : 5" = (7.53)
m
V,e® 1 v, / & pI(p) : (7).

1
fum(P) = 1 / d*r@,(r)0,(r + p),
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where f,,, is a correlation function of the grain shape.

In the case of spherically symmetric correlation function fy,,,,(p) = fum(p), the
expression (7.53) can be essentially simplified, and the explicit solution is obtained
on the basis of Eshelby tensor. To derive this formula, the Green function of the
infinite media is represented as an expansion through the plane waves, and from
(7.29) follows:

i ()= / (211)(3';)2 e*P Mij(n) = (Cijimin)) ™, k=kn,  (7.54)

where M;;(n) is a Chirstoffel tensor (acoustic tensor). Using formula (7.35), the
integral in (7.53) is expressed as:

M (n) i
/d3pfnm(,0)rlp/k(p) Z/d2n ((2’;)3 ng)nk/pzdpkzdk/dznpfnm(p)e kpnn,
(7.55)

The integral over the directions n,, is conveniently calculated in spherical coordinates
with the axis z along n, and further integration over k by using

(x)=—

(L cosLx  sin Lx)
lim
X X

and integrating over p by using

x6'(x) = =6(x), /a S(x)dx = %Sign(a)
0

modifies (7.55) to the expression:

/ &p fum (DTS (P) = Eipjic fum 0), (7.56)

where |
Eipjk = 7— / d*nM;j(m)n pyny. (7.57)

This simple formula is a consequence of the spherical symmetry f;,,(p) of the
grains. The similar results is obtained [18, 31] for the grains of elliptical shape, where
the tensor E is:

(7.58)

aara3 ) M j(m)n pyni
Eipjk =

47 (n? al + r12a2 +n 013)3/2

where the coordinate system coincides with the ellipse axes, and ay, az, a3 are the
lengths of the semi-axes. The dimensionless tensor E : C is called an Eshelby tensor
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[21] which is used for calculation of strain fields for the inclusions inside the sample
[22]. Substituting (7.58) into (7.53) and utilizing the equality f,;, (0) = 6pm Vi/V,
the following expression is found:

Oe,' +E): 55— E: (6% =€, (7.59)

from where the relation between the fluctuating stress o, and the average value ()
follows:

Gt =B,: (Y +E: (), B,=c,'+E)7". (7.60)
By averaging this formula, the connection between (o*) and average strain is
obtained:

(Y=01—(B): E)"":(B):€?, (B) =Z%Bn. (7.61)

n

The expressions (7.60) and (7.61) connect the fluctuating stresses o}, with the
average strain €© Thus, the functional (7.49) minimized on the class of the func-
tions (7.48) can be expressed through the quadratic form of € according to (7.50).
Comparing this result with the equation (7.46), the upper boundary for macroscopic
stiffness tensor in case of positively defined dc;; I (or lower boundary in case of
negatively defined dc;, ') is:

Cus=C+(1—(B):E)"":(B). (7.62)

These estimates for the boundaries of the macroscopic rigidity modulus have been
proposed by Hashin and Shtrikman [32]. Due to taking into account the correlation
properties of the grains by Eshelby tensor, the boundaries are found to be more
narrow than the ones provided by Voigt and Reuss.

Using the Eq.(7.48) as a model solution of the Eq.(7.17), the relation (7.16)
between the strain in the grain with the orientation g and the macroscopic stress on
the basis of (7.52), (7.62), (7.60), and (7.61), we obtain:

Aps(@) = —E: (B(g): {1+ E: (Cus—C)}—{Cus—CH]: Cy.
(7.63)

7.2.4 Self-Consistent Model of Eshelby-Krioner

The tensor C in the expressions (7.27)—(7.52) can be chosen in an arbitrary way,
except of the case when using (7.46) and (7.47) the boundaries for macroscopic
stiffness tensor C 7 have to be determined. In this case, the positive (negative) definite
difference dc¢,, is required for each grain n. To find the model solution of (7.17) or
to minimize the functional (7.44), the tensor C has to be defined. The easiest way
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is to set tensor C equal to the macroscopic stiffness tensor Cj;, and then (7.37) and
(7.38) are written as:

C=Cy, ()=C:(e)=C:e? (7.64)
This assumption sets the value of () to zero because of:
(0)=((C+dc):e)=C:V+(5)=C:e. (7.65)

As a next step, we minimize the functional (7.44) on the class of probe functions
(7.48), and again obtain the formulas (7.59)—(7.61). Using (7.60) and (7.43), the
strain of the n-grain is equal to:

€, = 50;1 B, €Y =+ E:dc,) " :e?. (7.66)

The requirement of the average strain from (7.66) to be equal €@ leads to the
equation:
(A4 E : ey =1. (7.67)

This tensor expression is a system of equations for the determination of the compo-
nents of the tensor C. Indeed, the tensor C defines the tensor E through the Eqs. (7.54)
and (7.58), and this relationship is non-linear in general case. The number of indepen-
dent parameters in averaged tensors (the left part of (7.67) and macroscopic tensors
E and C) is equal. For example, the tensors are described by two parameters in case
of macroscopic isotropy (absence of texture), see details in Sect.7.4. As a result, the
expression (7.67) contains as many independent equations as the number of inde-
pendent components in tensor C. Due to the procedures of convolution in (7.54)
and of integration in (7.58), the relationship between E and C is non-linear and
cumbersome. As a consequence, the system of equations (7.67) is also non-linear.
In a simple case of microscopic isotropy and cubic symmetry of the crystallites, the
formula (7.67) leads to the cubic equation (7.147), see [23, 21].

The equations analogous to (7.67) can be obtained in another ways, for example,
the macroscopic Hooke’s law (7.65) satisfying to (6*) = 0 results in the following
equation, according to (7.61):

(B) = ((0c,' + E)"hy = 0. (7.68)

For the crystallites of the same shape having equal Eshelby tensors, the equation
(7.68) is equivalent to (7.162). However, if the tensor E varies from one crystallite
to another E = E,, the formulas (7.68) and (7.67) give different results. This situa-
tion occurs in case of morphological texture [33, 34] with the grains of anisotropic
elliptical shape in different orientations.
The relationship (7.16) for the considered model follows directly from (7.66) and
(7.64):
Arx(9) =1+ E :6c(g)": 8. (7.69)
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The frequently used method of the derivation of equation (7.67) is based on the
model of the inclusions inside the infinite matrix [22, 23]. This approach substitutes
the problem of grain interaction by the model of the grain of spherical (elliptical)
shape included into infinite effective media, called matrix. The stiffness tensor of
matrix is assumed to be equal to the stiffness tensor of polycrystal, which has to be
found. To solve this problem, the strain inside n-th grain has to be determined. The
parameter dc(r) in the equation (7.28) has the following form:

Se(r) = 5¢,0,(r). (7.70)

To determine the strain in n-th grain, the equation (7.28) has to be solved, which
also can be reduced to the formula (7.32). The sample is supposed to be infinite and,
therefore, the Green function of infinite media is admitted. By analogue with (7.54)
and (7.55), the integral is modified to:

M(- i(n)
(T ipk0¢ jkim€im) (r) =/d2" (;;)3 np)Nk
x / d*r'5¢jrmem (r') / K2 dketkn =", (7.71)

We assume here that the strain inside n-th grain is uniform and the grain has a
spherical shape, and the integral over k is presented in the form of [31]:

/ Kdke =) = 2 / dke =) = _V225(n(r — r')). (7.72)

The integral over r’ is easy to calculate in spherical coordinates with the axis z along
the vector n:

/ dAr'vismr —r)) = 7(R* — (nr)?), (7.73)

here R is a radius of grain. The expression obtained has a physical meaning of the
square of disc formed in the space of r’ by the intersection of the sphere with the
radius R and the plane defined by the equation n(r —r’) = 0. Finally, for the function
(7.71) we obtain:

M ;(n)
(Tipjkdcjkimem) () =/d2” (27;)3

x (=m)VE(R? — (nr)?) = E : 6c : €. (7.74)

1 p)NKOC jkimEim

This formula shows that for the spherical grains the strain inside the grain is uniform.
The dependence on the radius r disappears when the section of the grain by the plane
isacurve of the second order, i.e. sphere and ellipse. By substituting (7.74) into (7.32):

€, =€V —E:dc,: e, (7.75)
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The formula (7.66) follows immediately from the expression above, that confirms
the equivalence of the approaches based on the variational principle and effective
media.

The expressions similar to (7.75) and (7.66) exist also in the electrostatics, for
example, the external field causes the uniform field in sphere or ellipsoid [35]. The
calculations based on (7.57) result for the sphere with the permittivity ep in the
tensor E:

—3ij. (7.76)

The tensor analogous to the tensor Eshelby E : C in this case is equal to %c& |
and it is called the tensor of depolarization or demagnitization in electrostatics and
magnetostatics, respectively [36]. As follows from (7.66), the electric field E inside
sphere with permittivity €; and the electric field E in the media with permittivity
€o are connected as [35]:

RI))

=—F 7.77
2€0 + €1 0 ( )

E,

The algorithm of the calculation of the properties of composite random media using
the method of effective media and the expressions (7.77) and (7.67) has been proposed
by Bruggeman [20]. This technique is successfully applied for calculation of optical
properties of the composite and nanostructured materials [16].

7.2.5 Grain Interaction in Thin Film. Vook-Witt and Inverse
Vook-Witt Models

The considered in the previous sections grain interaction was assumed to take a
place in a sample with a large number of grain in all spatial directions. The statistical
methods used for calculation of physical parameters are based on this assumption.
The important class of the investigated by X-ray stress method samples are thin films
and coatings. The number of grains in a lateral direction of film is statistically large
enough, however, in the direction of a surface normal it can be small. The entire
thickness of the film often contains a single grain [5, 37, 38], and thus the system
is rather two-dimensional than three-dimensional. The methods described above are
therefore not applicable for coatings in general case.

The averaging over all directions is no longer possible because of the evident
anisotropy, which complicates the calculation of the Eq.(7.16). For these samples,
the simple phenomenological models of grain interaction are used, which take into
account the difference of physical properties in lateral and normal directions.

The frequently used model of such type is a Vook-Witt model [39, 40], which
adopts the Voigt model in lateral direction (equal strains), and the Reuss model (equal
stresses) in the normal direction. Introducing z axis along the normal to the film, the
strain and stress tensors in n-th grain are expressed as:
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{e11) (e12) - . - {o13)
en = | (e12) (e2) - |, on= . < o) |, (7.78)
: - (013) (023) (033)

where the symbol - means the component is being not fixed by the model but found
from the elasticity theory.

The strain and stress fields (7.78) can be found from the exact solutions of the
elastic equations (7.17) in a certain geometry of the polycrystal. By considering the
polycrystalline film as a stack of the parallel infinite plates, the Eq.(7.78) satisfies
the boundary conditions (7.17), and the uniform inside the plates strain fields are the
solutions of the differential equation (7.17). To find the relation (7.16) based on the
assumption (7.78), we formulate the Hooke’s law for n-th grain:

O, =Cp: €y, (7.79)

which expresses the strain €, and the stress o, in the grain through the average
values (€) and (o). Keeping in mind the symmetry of the tensors, the formula (7.78)
contains six undefined variables:

€113, €n235 €133, 0n11>%n12> On22,

and the relationship (7.79) gives six equations, accordingly.

To present the following expressions in a simple form, the coordinate free covari-
ant notations [38, 41] are introduced instead of the indices. The assumptions (7.78)
can be re-written as [38]:

H||Z€=HH1<6), HJ_:O'ZHJ_I(O'), H||+HJ_=1, (7.80)

where the tensor of 4th rank IT|| means the projection of the 2nd rank tensor on the
plane with the normal n. The projection of the vector onto the plane with the normal
n is performed by the projector ¢, see (4.20). The projection of the 2nd rank tensor
is then written as:

INj:e=t-e-t, t=1-nQ®n, (7.81)

or in the index form [38]:
;0 =ikt jn (7.82)
1 1
=§(5ik5jl +6udjr) — 5(5ik”j”l + dunjng + djkning + 6 jning)
+ ninjngng,

1
Mijia =5 Gidje + 0udje) = Mijjjg-
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Here we took into account the fact of the symmetry of the projected tensors over the
indices k and [, which leads to the symmetrization of the projector, see (7.33). To
explicitly find the tensor (7.16), the Eq. (7.79) is written in the following form:

II:o,+I, :0,=c¢,:II:€,+¢c,: I : €. (7.83)

Using the model (7.78) and Hooke’s law for the averaged values (7.38), the tensor
(7.16) for the n-th grain is:

Ay=cp:(j:cp—cy M) i(ep: My — My : Cyp). (7.84)

To use (7.84), the macroscopic stiffness tensor Cys has to be determined, which
follows from the averaging of (7.84):

(1+ﬂ1HJ_)ZCM=a2H||, (7.85)
a=(c,:I:¢c,—c¢p: l'IL)_1 1 Cn),
B=(c, : ()| : ¢, — ¢y :HJ_)_I).

In general, there no operator exists, which is inverse to the projectional one, and in
(7.85) the operator 143 : IT | also has no inverse one. Thus, the operator Cp; cannot
be determined from (7.85), and we use for this purpose the expression analogous to
(7.83) with the compliance tensor s,,. After some transformations, we obtain formula
analogous to (7.85) but with Sy, and using Cy; = S;Il obtain:

y:I; :Cy=1A+6:1), (7.86)
y=(sn My isy —s, T~ 1sp),
O=(s,: (Il :s, —58,: HH)_I).

This equation does not define Cj; unambiguously similarly to (7.85). However,
the operators 1 + 3 : IT| in (7.85) and ~ : IT in (7.86) are the projectors onto
different subspaces, which complement each other. Therefore, the sum of (7.85) and
(7.86) with arbitrary coefficient k defines the function Cp; unambiguously:

Cy=0+8:M+ky: M) " :(a: M +k[1+6:H]). (7.87)

The expressions (7.84) and (7.87) comprehensively determine the relationship
(7.16). These formulas do not contain the parameters, which describe the correlation
properties of the grain locations, as the tensor E in equations (7.69) and (7.63) does.
In this sense, the Vook-Witt model is similar to the models of Voigt and Reuss: the
mutual influence of grains is not considered, and the resulting expressions depend
only on the fraction of grains with certain orientations and do not depend on the
morphology of the polycrystal. The strain inside the grain is uniform.



288 7 X-Ray Diffraction Residual Stress Analysis in Polycrystals

Both Voigt and Reuss models are the limiting cases of grain interaction. The Vook-
Witt model with Voigt approach in a lateral direction and Reuss approach in a normal
one, is also a limiting case of the grain interaction. The reversed case of Vook-Witt
model with Voigt model in a normal and Reuss model in a lateral directions has been
proposed in [37] and is called inverse Vook-Witt model:

H||ZO'=H||:<0'>, HLIGZHL:(Q. (7.88)

By comparing (7.88) and (7.80), the expressions (7.84)—(7.87) in the models of
Vook-Witt and inverse Vook-Witt differ by the substitution of IT | for IT|; and vice
versa. In opposite to Vook-Witt model, there is no system exists for which the strain
and stress fields found by the inverse Vook-Witt model are the exact solutions [38].

The intermediate cases between Vook-Witt and inverse Vook-Witt models are
proposed in [37] to describe the grain interaction by a linear combination of former
ones. The alternative approach for the intermediate cases is Eshelby-Kroner model for
the elliptical grains [5, 38]. The variable parameter, which makes a balance between
both limiting cases is a ratio of semi-axes of the ellipsoid. Generally speaking, the
model designed for the bulk polycrystal is not applicable to the thin polycrystalline
film. However, in the limiting cases, the Eshelby-Kroner model becomes effectively
two-dimensional. For the oblate ellipsoid (a; = a2 >> a3, axis z along normal to the
surface), the Eshelby-Kroner model transforms into Vook-Witt model [5] and is an
exact solution. The opposite limiting case of the stretched ellipsoid a; = az << a3
in the Eshelby-Kroner approach coincides with the infinite cylinder model, which
being a two-dimensional model gives different results than the inverse Vook-Witt
one [5].

7.3 Residual Stress Analysis as a Particular Case of Powder
Diffractometry

The real microstructure of the polycrystals is very complex [42]. X-ray diffraction
provides the results of X-ray scattering from a large volume of the sample, and
this fact leads to a contribution of numerous factors into the detected X-ray profile.
The practical data treatment of the recorded X-ray intensities assumes the use of a
simplified sample model parametrized by the effective physical variables [2].

The typical model assumes the polycrystal as consisting of a large number of the
crystalline blocks (grains). Each grain has a certain shape, size and orientation of
the crystallographic lattice, and may contain the defects of a crystallographic lattice,
for instance, dislocations. Due to different reasons (plastic deformation, thermal
expansion, etc.), the polycrystal may have the macroscopic residual stresses.

Using the results of previous chapter, the intensity of the diffracted X-ray radi-
ation from the polycrystal can be calculated. The dynamical effects are neglected
here, because of due to the disorientation of the grains, the typical scale of the cor-
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Fig.7.5 The sketch for calcu-
lation of the auto-correlation
function of the grain shape
(7.92)

relation function (6.60) given by the correlation length /; is less than the size of the
grain. This estimate is taken with a certain reserve, because of the presence of the
defects diminishes the parameter /;. The size of the grains is essentially less than the
extinction length, and thus the diffraction can be treated as kinematical, according
to (6.77). The general expression for the intensity in this case is (6.83):

1(Q) = / dr1d®rye eI gpy ), (7.89)

here Q = kour — ki, is a momentum transfer, g(r1, r) is a correlation function
of polycrystal, H is a reciprocal lattice vector of the excited reflection. We omitted
the constant coefficients in the expression because of in the most of the cases the
relative intensities are evaluated within a single diffraction profile. The effects of the
instrumental and resolution functions are also neglected, which can be accounted by
the special functions [2]. Assuming the disoriented grains, the correlation function
of the whole system consists of the sum of the correlation functions of the grains:

=3 / dPridPrye @ I g () 100, (r)O,(ry).  (7.90)
n

Here the sum is taken over all grains of polycrystal, H, is a reciprocal lattice vector
corresponding to the average lattice of n-th grain, g, is a correlation function inside
n-th grain, ®,(r) is a function describing the shape of n-th grain, which is equal to
unity inside the grain and to zero outside. The defects are supposed to be distributed
uniformly inside the grain, and the influence of the grain shape on the strain field is
neglected. Under these conditions, the correlation function depends on the relative
distance p = r; — r», and using the integration over the variables r; and p, we
obtain:

e =y, / &’ pe! Q=M g, (p) / I’ri©,(r)O,(ri —p). (791
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The integral over r as a function of the distance p is an auto-correlation function
of the grain shape: it is a volume of the intersectional area, which is created by
the original and the shifted by vector p grains (Fig.7.3). According to (6.60), the
correlation function in the presence of several independent types of defects is a
product of correlation functions for each defect type. As follows from (7.91), the
influence of the grain shape can also be represented by a correlation function:

1

o= / PO, (r)On(r1 — p). (7.92)

where V,, is a volume of n-th grain.

The values g,(p), gv(p), and H,, vary from grain to grain. However, the grain
shape and volume, the defects inside the grain and the orientation of grain are statis-
tically independent, and these parameters can be averaged separately:

1(Q)=>V, / &> ple' C~HDP) (g, () (gv (P)n). (7.93)

The number of the grains in the sample is usually large and, therefore, the dis-
tribution functions can be introduced for the parameters. For the sake of simplicity,
the distributions of grain shapes [43] and defects [44] are omitted here. The distrib-
ution of the grain orientations (texture) is described by the orientational distribution
function [45] f(g):

3 dVyg
f@d g=—=, (7.94)
Vv

where g is a set of three parameters describing the orientation of crystallographic
lattice of grain with respect to the sample, dVj is a total volume of grains, which
have an orientation within the interval g, g + dg and V is a volume of polycrystal.
The isotropic distribution of grains corresponds to f(g) = 1. Taking into account
(7.94) the Eq.(7.92) becomes:

1Q)=V / & pdg f(g)e @@y (p). (7.95)

where g(p) is a product of the averaged correlation functions (g, (p)){gv (p)»), the
constant multiplier V is omitted in further calculations.

For the orientation of the grain g (parametrization of the rotation group [46]), the
Euler angles are frequently chosen. In this parametrization, the law of the parameters
composition is quite complex. Therefore we use further the vector parametrization
of the rotation group known as Gibbs vector [41, 46]. In this parametrization, the
rotation is parametrized by the vector ¢ with the direction defined by the axis of
rotation and with the length equals to tan ¢p/2, where ¢ is a rotation angle. The
rotation matrix is expressed through ¢ as [41, 46]:


http://dx.doi.org/10.1007/978-3-642-38177-5_6
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1—¢2)d;; + 2¢ic; + 2eiric
Ty(e) = S (7.96)

where €y is the antisymmetric Levi-Cevita pseudo-tensor. The vector parametriza-
tion is outstanding among other parameterizations because of its elegant composition
law, which enables to express two successive rotations with parameters ¢! and ¢®
as a single rotation with the parameter ¢(!? [41, 46]:

Ty Tja(e ) =Tye((¢?, V) = T (1), (7.97)

< o (1)> D 4@ 4@ x ()
o= —cDe®

Additionally, the vector parametrization has the following convenient properties:
Ti;({0,0,0}) = &;j: T(e)™' = T(—c). (7.98)

Using this parametrization, the formula (7.95) is written as:

d3C i(Q—H(c
1(0) = / i [ 1Oy ), (7.99)

Here 1/72(1 4 ¢2)? is a weight function for invariant integration over the rotation
group [41], the corresponding weight function for parametrization through the Euler
angles is sin §/872 [47].

The dependence of the reciprocal lattice vector H (c¢) from the grain orientation
¢ is conditioned in the following way. The vector H is defined by Miller indices
in the coordinate system C, and due to the stresses of II type it varies both for
direction and module from grain to grain. Assuming the small magnitude of strains,
the components of vector HY) corresponding to the average crystallographic lattice
of grain with the orientation ¢ can be represented as:

HD =T ENHO ), HO@)=HOU —eye)) +5H (¢), (7.100)

ey(c) = , 5HL(C)=€(C)'H(O)—H(O)EH,

here H® corresponds to a non-deformed lattice, and vector § H | (c) is perpendicular
to HO.

To calculate (7.99), the vectors @, H and p have to be defined in the same
coordinate system, say in the system L. The parameter ¢ in (7.99) then characterizes
the transition from the coordinate system C to the system L, and it is denoted here
¢L©) The grains, which satisfy the Bragg condition H ©)(¢) = Q, are characterized
by the parameter ¢“©) equals to:
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Fig. 7.6 The sketch for the
coordinate system «, c}H), cé”)
defined by (7.102) in the
space of the parameters of the
rotation group

nxe tan2(n+e,) +n x e
c(a) = (tan gez, )= 2( 2 ° (7.101)
2 1 + ne; 1+ ne;

where unit vector n is chosen along H'©), the vector y is replaced by the vector e.
from the coordinate system L (Fig.7.6). The transformation (7.101) has an evident
meaning of the sequences: (i) the rotation around axis n x e, perpendicular to vectors
n and e; is applied, which transfers n into e,, (ii) the rotation at arbitrary angle «
around e; is executed.

To integrate over d>c in (7.99), the new coordinate system with the axis z along
¢(«) is introduced in the parameter space ¢ (Fig.7.6):

D

c(a, ¢, V) = e(a) + (P (

Dn s e, +cPm+e) x (nxey), (7.102)

where variation of the parameter « corresponds to the grains in the Bragg condition,
which differ by various « angles around H || Q; the crystallites with the parameters
cil D and cg ) are deviated from the Bragg condition. Using the Eqgs. (7.100) and (7.96)
and assuming small strains and deviations from the Bragg angle, the expression (7.99)
in the chosen coordinate system is written as:

an 5 .an
160 = [ L2925 el o) o) (7.103)
y - 7'('2(1+C2)2 c s 1 &2 .

. . an-_.an
x /dxdydzel(Q_HO(l_EH(C)))Ze’HOK[(X’y)’(Cl 4o )]g(x,y,z).

Here J is a Jacobian of the transformation, K[(x, y), (cill), céll))] is a bilinear form

on (x,y) and (cgll), cg‘) ), and its coefficients depend on nr and are of the order of

unity.
When integrating (7.103) over x and y, the fact of a large width of the texture
ODF, which is broader than the diffraction peak, results in the estimate:

sl > 1/H1,. (7.104)
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The largest contribution in (7.103) is made by the values (05”), cgl)) which are less

than 1/HI; and, therefore, all the terms containing (cgll), cg‘) ) can be assumed to

i HoK[(x,y),(c\"c

an ) :
be constant except of the exponent e 2 )1, This turns the integral over

(ci”), céll)) into delta-function of x, y, and the intensity is proportional to Fourier
image ¢(0, 0, z), that corresponds to (6.134), see Fig.6.4.3. Alternatively, to inte-
grate over (cill), cgm), the integral over x, y can be replaced by a delta-function,
according to criteria (7.104). In other words, the Bragg condition is re-written as
0(Q — H(c)). The Jacobian, the weight function and other terms cancel each other,
and the expression can be obtained:

1(yQ) = / daf(c(w) / dze' (@~ Hol=cu ez 0, 7). (7.105)

Thus, the measured X-ray intensity is a sum of intensities from all grains with the
orientations different by the angle o from the vector H.

The residual stress analysis requires the measurement of the intensity maximum
in the direction y. The position of the maximum of (7.105) is calculated by using a
cumulant expansion:

1(y0) =/daf(c(a))/dzg(0, 0, 2)e!(Q—H0z i lemz =3 My Koe? =i Hg Koz

(7.106)
K> =(e5) — (en)?, K3 = (e3y) — 3{e3 ) en) + 2en)’,
@ Zfdaf(C(a))eﬂ(C(oz))”
" [daf(c(a)

The correlation function g(0, 0, z) is usually symmetric, and therefore the second
term in the cumulative expansion does not influence the diffraction peak position.
Provided the third and further odd cumulative terms decrease slower than correlation
function, the position of the maximum Q,, is defined by the first cumulative term:

Om = Ho(1 — (en)). (7.107)

This equation is equivalent of (7.4).

With the known relationship between the strain and the macroscopic residual
stress in the grain, the residual stresses in the sample can be determined on the basis
of (7.107). This basic expression for the X-ray stress analysis has been derived using
several physical assumptions. For the traditional metallic samples these assumptions
are valid in the majority of the cases, however, when analyzing the modern materials
possessing the strong texture or intentionally designed nanoscale structure, the above
described approximations have to be carefully validated.
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7.4 Residual Stress in Macroscopically Isotropic Materials.
X-Ray Elastic Constants

The polycrystal is macroscopically isotropic when all crystallite orientations are
equiprobable (absence of texture) and all directions inside macroscopical polycrystal
are equivalent. The mechanical elastic properties are then defined by two parameters,
for example, by bulk and rigidity moduli. The macroscopically isotropic case is
realized in the absence of texture in the models of Voigt, Reuss and Eshelby-Kroner
for spherical grains®. In the models of Vook-Witt and inverse Vook-Witt, even in the
absence of texture there is an anisotropy due to the operators IT, and II}, which
distinguish the normal direction to the surface.

To determine the stresses by X-ray method, the position of the diffraction peak in
the direction y has to be related to the macroscopic stress (o; j)(S). As follows from
(7.107), the peak shift defines the value:

HY . [dae(e(a)) - HO
2nrHO?

{en(y)} = 7T/d’OlﬂH(C(Oé))) = . (7.108)

where the braces mean the averaging over the grains contributing to diffraction. The
connection between the stress and the strain in coordinate system S is given by the
Eq.(7.16). To write the expression (7.108) in the coordinate system S, the fact of
the coincidence of the direction of vector H® and y due to the Bragg condition is
used (see also the logic of the derivations from (7.105) to (7.107)). Using (7.16), we

obtain:
JdaAijuc()

5 (o), (7.109)
Yis

{en (M)} = yiy;

or in indexless form:

 Jdode@) - o), (7.110)

et} =y®Yy o

To perform the integration over the angle «, the components of the 4-th rank
tensor A have to be transformed from the coordinate system C into the system S,
which is done by four times convolution:

A® T(SC)T(SC)T(SC)T(SC)A(C)

l]kl ]] kk' A ’k’l’ (7111)

The operation requires the transformation of 81 components resulting in the cum-
bersome expressions. To make the results compact, the Voigt notations are used [4],
which take into account the symmetry property c;jx = C(ijxl = Cijkl) = C(ijkl)-
In the result, the 4-th rank tensor is represented as symmetric 6 x 6 matrix, which
has 21 component. This number is equal to the number of parameters, required to

3 The statements for Eshelby-Kroner model (7.69) are also valid for Hashin-Strickman model (7.63).
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describe the elastic properties of crystal with a lowest monoclinic symmetry. The
cubic crystal has 3 independent components, and the transformation (7.111) con-
tains the exceeding number of operations in this case. Below the transformation of
(7.111) is described, which takes into account the high symmetry of the tensor [48].
We separate the isotropic part of the tensor, which is not undergoing to the transfor-
mations, and the averaging over the orientations is thus reduced to the truncation of
the anisotropic components.

From the point of view of the group theory, the 4-th rank tensors form the rep-
resentation space of the rotation group, and it can be decomposed into irreducible
representation (IR) spaces [49]. In the case of a lowest triclinic symmetry, the stiffness
(compliance) tensor is decomposed in:

2 IR with weight [ =0 (scalars): o5, s =1,2 (7.112)
4 IR with weight [ =2 (deviators): dgm, d = 1.4,m = —2,..,2
1 IR with weight [ =4 (nonor): n,,, m = —4, .., 4.

The basis tensors o5, 04.m, 1, can be calculated with the help of the Clebsch-Gordan

coefficients le s jaumy Starting from the circular vectors:
1 1
=D _ i 0 _ 1 _ i
e - (_15170)7 € - (07 05_1)’ e - (131’0)7 (7113)
V2 V2

which are the IR of weight/ = 1:

00 1,m’ 0,0 @) ) (" 1" _
Tlpgrs —C])i,,;l’m,Cl)i,;OVOCLi;l!jep ej e el ) = 0,40, (7.114)

i,j,i'\i’m=-1,0,1, p,q,r,s =1,2,3.

The basic tensors (7.112) possess a completeness property (any stiffness or compli-
ance tensor can be expanded using them) and are mutually orthogonal:

0520 =055/, Odm:0 = Odd Omm’s MMy = O’ » (7.115)
050y, =0, osn,, =0, damun,, =0,
where the symbol :: means the convolution over 4 indices: a::b* = ai.,'klb;.“j il
The IR decomposition highlights the symmetry properties of the compliance ten-

sor and separates its isotropic and anisotropic parts, e.g. the stiffness tensor for cubic
system has the form:

2
C =(C11 +2Cn)o + 75(3 +2A)Ca402 +4(A — DCam,,  (1.116)

1 14
Ne =y N_4+ ?"70‘*‘774 )
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where the Voigt notations are used, A = is the Zener’s anisotropy factor. In
isotropic case A = 1, the anisotropic part 7). disappears.

The rotation transformation in the subspace of IR of weight/ is performed by using
the angular momentum matrices. For the rotation described by the vector parameter c,
the expression is [41]:

Cu—Cp
2C44

T;1(yl1)’ —p2ecJ arctanc (7.117)
l ! ) l
P, (—=icJ ' /c .
_ Z Pl - nn)/ )e—sz arctanc’ Prln (x) = H (x + im/),
m=-I m'=—1l,m'#£m

where J is the vector (Jx, Jy, J;) composed of the matrices of angular momentum.
Besides the transformation of tensors from one coordinate system into another, the
multiplication of tensors and the inversion are the important operations for calculation
of the tensor A on the basis of Egs. (7.22), (7.63) and (7.69). Using the Voigt notations,
these operations are reduced to the multiplication and inversion of 6 x 6 matrices. This
approach, however, does not take into account the symmetry of the tensor. Using the
expansion (7.112), the tensors o, 02, 17, are shown below to create a closed group
with respect to the operation of multiplication (convolution over two indices), which
is written as:
lo1 o2
01|01
o3| 0

n:| 0

(7.118)

SE oS

309

SESI

)
S
4

7
<.

Thus, for the macroscopically isotropic media consisting of the grains with a cubic
symmetry, the 4-th rank tensor is expanded into tensors o, o2 and 7,.:

a={a, a2, ay} =a101 + a0 +aym,. (7.119)

The averaging over the orientations is then reduced to the truncation of anisotropic
part:
(a) = {ay, a2, 0}. (7.120)

The necessity to use the special representation of tensors occurs also for the energy
functionals (7.44) and (7.45). The inequalities (7.47) and (7.46) make the restrictions
to the tensor characteristics determining the system energy and not to the components
of the stiffness tensor. The elastic energy of the unity volume of sample € : C : €/2
is a quadratic form with respect to the strain €. Because of the elastic energy can not
be negative, this quadratic form is always positively defined. To understand which
values are restricted by the inequalities for elastic energy, the Voigt notations are
used and the 6 x 6 stiffness matrix is presented on the basis of eigenvectors:
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(€)=D"NCp C=D evi®ey. (7.121)

here )\, are the eigenvalues, e, ; are the eigenvectors, and the summation over i
corresponds to the degenerated eigenvectors. The positive definition means A\, > 0,
and the inequality (7.46) is equivalent to the inequalities for eigenvalues )\S < )\SM .
Thus, the inequalities (7.47) and (7.46) constrain the eigenvalues of the tensors.

The representation (7.121) is also convenient due to the simplification of the
multiplication table (7.118). For example, using the expansion for the crystals with
a cubic system [18]:

a = 3k, 2u, 21") = 3k + 2uly + 241/ ¢3, (7.122)

2 3
Ci=01, (= EUZ-'_ZT’C’ 3= EUZ - 21,

which coincides with the expression (7.121), the analogue of the above table is written
as:

(7.123)

The relation between the expressions (7.122) and (7.119) is simple:

a=f{ay,ax, ay} = 3k, 2, 21") = al,a—2+3ﬁ,a—2—@ . (7.124)
! J5 1005 5

and the product of the tensors and the inverse tensor are:

a b= 9kqkp, Aiaiip, 4t 1}), (7.125)
a”' = (1/3k, 1/2p,1/244)).

The inverse relation between representations is found to be:

4+ 64/

V5

Thus, the products of the tensors and the inverse tensor are calculated conveniently
using the expression (7.122), and the averaging and the transformation between
different coordinate systems using the expression (7.119) are simplified. The similar
expressions can be constructed for low symmetry tensors, too [50].

As follows from (7.22), (7.25), (7.63) and (7.69), the formula for tensor A, for
n-th grain contains the isotropic tensors only (Cy; and E) and the stiffness tensor
of n-th grain ¢,. Applying the tensor operations of summation, multiplication and

a=(Gr2p,20) ={a1, a2, ap} = [3&, cAp = (7.126)
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inversion for isotropic tensors and tensor ¢;,, the resulting tensor can be presented in
the form of (7.119). The tensor A, in the coordinate system C is then written as:

AO = (A, A2, Ay}, (7.127)

and for the grains composed of the same material, the formula (7.127) does not depend
on the orientation of the grain. Because of the isotropic tensors o1 and o are not
modified with the transformations between the coordinate systems, the integral in
(7.110) is calculated as:

JdaA(e(a)) 1 - (SO)
—————=Ajo1 + Ao+ A, N.=—[daT (a)n. (7.128)
2w 21
~(SC) . . .
where T is the symbol meaning the transformation of the tensor components
either by (7.111) or (7.117).

To calculate the tensor 77, we use the basis IR with the weight [ = 4, where the
transformation is performed by the matrices (7.117). For calculation of (7.117), the
parametric vector ¢5¢) has to be defined as a function of angle . The expression
(7.101) presents the transformation from the coordinate system C to the system L,
and in a way similar to (7.101), the parametric vector ¢S can be found, which
corresponds to the transition from L to S:

¢S = XY (7.129)
1+e,y

As aresult, the parametric vector ¢S (@) is obtained as a combination of the sequen-
tial transformations from the system C to the system L, and then from L to S:

(SO () — (SL) L(LO) (XY Y, MXE 7130
(@) = (¢, ¢ () <1+ezy,an2ez,l+nez. (7.130)

In this expression, the only transformation depending on the angle « is the one cor-
responding to the parametric vector tan 5e;. This fact helps to calculate the integral
over «, using the diagonal form of the matrix J; and the formula (7.117):

7% (tan %ez) = S eine. (7.131)

From this equation, for the matrix of transformation in the space IR with the weight
| = 4, we obtain:

1 ~(SC e; X nxe
27 " 1+4e,y "\ 1+ ne;

and for 7). the following formula is found:
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— @ [ €z XY @ [ nXxXe;
=n,T — T, / 7.133
fle =T "n0 (1 +ezy) On (1 +”ez) flen ( )

where the coefficients 7)., , defining the value 7. in the expansion over the basis 1,/
in (7.112) are taken from the equation (7.116). To calculate the function (7.110) with
the values (7.128) and (7.133), the direction of vector y in coordinate system S and
the orientation of the reciprocal lattice vector in the system C have to be fixed:

y = (sin(y) cos(¢), sin(1)) sin(¢), cos(1))), (7.134)
1
n=Gaar kD

The matrices y @y : o2 and y ® y : 77, are found to be proportional each to other.
The Eq.(7.110) can then be presented in a universal form by using X-ray elastic
constants (XEC), which leads to the Eq. (7.11) with:

1
SD 0 (10A1 — 254, 4+ 34, (5T — 1)) : (7.135)
1

1
2S£hkl) == (2¢§A2 —3A,(5T — 1)) .

where the dependence on the Miller indices ikl of the reciprocal lattice vector is

given by the invariant I'":
e e

(h? + k2 +12)?

(7.136)

Below we consider XEC for polycrystals of a cubic symmetry for various models
of grain interaction.

7.4.1 Voigt Model

According to (7.21) and (7.22), the tensor (7.116) has to be averaged and then
inversed. Using formula (7.119), the averaging is carried out by (7.120):
2(C11 — C12) +6Cyq ]
,0p .
V5

By using the relationship (7.122) and the representation (7.124), the inverse tensor
is found with the help of (7.125):

(€ = HCn +2C), (7.137)

- ( 1 5 5 )
(€)' = , , .
Ci1 +2C12" 2(C11 — C12 +3Cas)’ 2(C11 — Ci2 +3Cas)
(7.138)
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In the formula (7.135) for XEC, using the Eqgs. (7.119) and (7.126), we obtain the
expression (7.138) in the form of (7.119), and from (7.135):

2C44 — C11 — 4C
5 — 44 11 12 ’ (7.139)
2(C11 +2C12)(C11 — C12 +3C44)

1 5
—S = .
2 2(C11 — C12 4+ 3Cy4)

These expressions are independent on the Bragg reflection hkl.

7.4.2 Reuss Model

The X-ray elastic constants have a simple form if using the components of the
compliance tensor S. The tensor A coincides with the compliance tensor, and in the
form of (7.119) is written as:

4(S11 — S12) + 3844
25

Substituting this equation into (7.135), we obtain:

A =S = [Sn + 2812, ,2(811 — S12) — S44] . (7.140)

SPD — 515 4 SoT, (7.141)

1
S = S11 = S12 =380 S = Su1 — Si2 = Su/2.

7.4.3 Eshelby-Kroner Model

The Voigt and Reuss models are the limiting cases of the grain interaction. The
previous section considered the narrower than those two bounds for the bulk elastic
modules. The transfer of the results obtained in this section to the XEC bounding has
to be done with a caution. The values of XEC are determined by the averaging over
the angle o and not by the averaging over the orientations. As a result, the equation
(7.135) contains the dependence on the anisotropic part and on the Miller indices.
Nevertheless, several general conclusions can be made on the basis of the estimates
for the boundaries of the macroscopic elastic modules. For simple case of rotationally
symmetric biaxial stress state, and from the expression (7.135) for (7.11) we obtain:

len@)) = (%A] + (3sin’1p —2) 2542 + ign(l - 5F))UH. (7.142)
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As follows from the expressions (7.118) and (7.120), the component a; = 3k is
not mixed with other components in tensor operations, and for all the models the
equality A; = m is satisfied. Thus, according to (7.142), the sin® ¢) plots for
all models in case of rotationally symmetric biaxial stress cross the same point at
sin ) = 2/3.

The inclination angle of sin? ¢ plot is defined by the parameters A and Ay Using
the representation (7.122), the following relationship is received:

2
len ()} = (%A +30 sin2 ) — 2)(ua(1 — 3T) + 3r,,/A)) o). (7.143)

The definition (7.136) shows that the inequality is satisfied: 0 < I' < 1/3, which
means the values 1 — 3I" and 3I" are always positive. To determine the limits of the
function sin” v, the variation limits of ;14 and 1/, have to be found. Assuming the
strain fields are uniform inside the grain (7.48), the macroscopic compliance tensor
depends on the tensor A as:

2 2
S = Grs, 25, 2p5) = (A) = (3ka, §(2MA +31y), g(zﬂA +31y)). (7.144)

The boundaries for macroscopic elastic moduli are defined by the boundaries of
parameters g and pg. As follows from (7.144), the limits for ug determine the
limits of the linear combination 24 + 31/,, and thus constrain the limits of the
function sin? ¢ only at I' = 1/5. However, the models defining the boundaries of
the macroscopic moduli are frequently considered to constrain the sin” ¢ plot, too
(Fig.7.7).

Within the approximation of strain uniformity inside the grain (7.48) and spherical
symmetry of the correlation function of grains (7.53), the Eshelby-Kroner model

(a) (b)
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Fig. 7.7 a sin® ¢ plot for Cu sample possessing the residual stress of 200 MPa, the Bragg (200)
reflection, for the models of Voigt (V) and Reuss (R), and for the boundary models of Hashin-
Strickman (HS) and Eshelby-Kroner (E-K). b The dependence 114 at fixed C; and C for the same
models. The models determining the boundaries for macroscopic moduli constrain the parameters
14 and //A; for HS model, the tensor A from (7.63) has been used
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satisfies the equation (7.43), which is due to the self-consistency of the tensor C in
the Eq. (7.67). In the case of macroscopically isotropic media, spherically symmetric
correlation function of grain shape and the cubic symmetry of the crystallites, this
equation can be essentially simplified [21, 23]. In that case, the tensor E is found by
the analytical integration of (7.57), and for the representation (7.122) we obtain:

E— ( 1 2(4Cy — Cr) 2(4Cy — C2) )
3C11" 15C11 (C11 — C12)  15C11 (C1i — Ci2)

_ 1 3kc + 6uc 3kc + 6uc
3kc +4uc’ 15kcpe +20p2 15kcpc +20p2 )

(7.145)

To calculate the expression (7.67), the representation (7.122) is used again for
multiplication and inversion of tensors and the representation (7.118) for the aver-
aging. As a result, the following equation is derived:

( _ M’ (7.146)
—6kc —4uc + 3k

 6(kc +2pc) (34 (ke (ne +2m) + dppc) — g (9kc + 8uc + 4p))
(9rcpc + 6prc + 8u2C + 12ppuc) (6kc i + ke pe + 12pcp’ + 8/1%~) '

 6(kc +2pc) (34 (ke (ne +2m) + dppc) — g (ke + 8puc +4p))
(9kcpc + 6prc + 8uZ + 12ppuc) (6kcp’ + ke + 12uc i’ + 8pk)

) —(0,0,0),

where the parameters ¢ and ¢ characterize the macroscopic tensor C, the parame-
ters x, p and 1’ describe the stiffness tensor of the crystallite with a cubic symmetry.
The system (7.146) contains 2 independent equations, and taking into account the
positiveness of values x¢, pic, &, i and g/, we have:

ke = K, (7.147)
; 1 ,» 3 ) 3
pe + g Ok +awpe — Sk +4pp'ne — Jrpp = 0.

The parameter ¢, which has a physical meaning of a bulk modulus, has the same
value for both Voigt and Reuss models, and thus k¢ = & is an exact solution. The
cubic equation for pc has a single positive root, and the expression (7.147) defines
comprehensively the tensor C. When tensor C is known, the XEC are found by
substituting (7.69) into (7.135):

UKD — 9% —a+ 0T, %sgh"’) = 3a— 30T, (7.148)
5@ke +4uc)
6 (9'€CHC + 6pkc + 8,u2C + 12MMC) ’
15 (1 — /) (ke 4 2pc) BGrc + 4pc0)
(9f<ccuc +6prc +8u + 12uuc) (61 (ki +2u¢) + e O +8uc)).

a =

b=-—




7.5 Residual Stress in Macroscopically Anisotropic Materials. X-Ray Stress Factors 303

7.5 Residual Stress in Macroscopically Anisotropic Materials.
X-Ray Stress Factors

In the presence of texture or direction-dependent grain interaction, the relation
between strain {ey (y)} and macroscopic stress in polycrystal can not be presented
by Eq.(7.11). To confirm this fact, the changes implemented by a macroscopic
anisotropy in the equations (7.108) - (7.136) are considered below. The relation-
ship between the strain {egy (y)} and the macroscopic stress in polycrystal (7.110)

becomes: fd Felan At
_ . af(c(a c(a)) )
ferM}=y®y: Tdaf(c@) o)),

(7.149)

The ODF function f(¢) is a function of the orientation of the system C relatively to
the system S. The parametric vector (7.130) depending on the vector y and angles
1, ¢ is an argument of ODF, and the right part of (7.149) may have different kinds
of dependency from the angles ¢/ and ¢. This means the non-linearity of sin® 1)
plot, and the XEC provided by (7.11) and (7.136) are not sufficient for proper data
interpretation. In this situation, the expression (7.149) is written in the form:

leu(M)=F(y): (o), (7.150)
B [dafeSO@)Ae(e)
Fy)=y®y: Tdaf @@y

and the functions F(y) defined in the coordinate system S are called X-ray stress
factors (XSF).

As follows from (7.150), to calculate XSF, the tensor A, which characterizes
the grain with the orientation ¢(«), has to be found in the coordinate system S.
For macroscopically isotropic models, the tensor A in the coordinate system C is
equal for all crystallites independently on their orientations. Mathematically it is
a consequence of the fact that the macroscopic tensors C and E are the isotropic
tensors, which are independent on the coordinate system. In the case of macroscop-
ically anisotropic polycrystal, the macroscopic tensors are generally anisotropic. As
a result, to calculate the tensor A, the operations with the anisotropic tensors have
to be carried out in different coordinate systems. The final product of these tensors
is not expressed through the tensors themselves, and the analogue of (7.118) can not
be constructed using a small number of basic elements. Below we discuss the XSF
calculation algorithms for different grain interaction models.

7.5.1 Voigt Model

In accordance with (7.21) and (7.22), the tensor (7.116) has to be averaged and then
inverted. The averaging is carried out with an accounting of ODF as described in
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the Eq. (7.21). After these procedures, the tensor A being equal for all crystallites is
derived in the coordinate system S, and by the reduction of the integral over « the
XSF are:

Fy=y®y:( (7.151)
Here the value (¢)~! is constant and XSF are independent on Akl. The dependence
on the angles v and ¢ is contained in the term y ® y. As a consequence, the plot
of residual stress versus angles ¢ and ¢ depends quadratically on the trigonometric
functions, but in general case differs from (7.11).

7.5.2 Reuss Model

In the Reuss model, the tensor A is equal to the compliance tensor of a crystallite
(7.25). Because of the expression for the tensor A does not contain the operations
with macroscopic tensors, the expansion (7.119) can be used, which results similarly
to (7.128) in:

~ (SC)

Jdaf(® ) [daT™ ()n.
[daf (S (a)) ’

F(y)=y®y: (5101 + 802+ S,

(7.152)
S1 =801 =811 +2512,

4(S11 — S12) + 38
Sy = 8oy = —1 2\1/23 S, =(A—1)Su.

This formula can be applied in an analytical form in the important case of the
textured materials described by axial or spherical components [51, 52]. The ODF
in this case is modeled by simple functions describing the grain groups, which have
allocated orientation and the distribution of the directions, for example, ODF in a
form of:

Tr(T (cp)~'.T(c)) — 1

f(c,,,c):NeSCOS“’,cosw= 5 ,

(7.153)

here ¢, is a vector-parameter specifying the primary orientation, N is anormalization
constant, 1/S describes the spread of the directions, Tr is a trace of the matrix. Using
the explicit form of the matrix (7.96), we obtain:

1 +¢cp

[A++c2)

cosw/2 = (7.154)
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and utilizing the expressions for ¢SO (@) in (7.130), the ODF dependence on the
angle « is:

cosw = cos2(0*/2) cos(ax + & + 2 arctan b/a) — sin>(6*/2), (7.155)

14+ny—c,n Cpn
y— +ny pny b= p(n+Y) cos2(9*)=nT(Cp)y7

Ja+m+y?  Ja+S)m+y?
sin(Bp — @) sin(¢p/2) sin(y/2)
c0s(65/2) c0s(t/2) + cos(Bp — 6) sin(65/2) sin(1/2)”

tand/2 =

where Op and ¢p are the angles defining the unity vector in the coordinate system
C along the reciprocal lattice vector (Fig.7.2).
The analogous relationships can be found for axial components, with ODF:

flep. €)= NeS cosw = f,Tn,, (7.156)

where f, is a vector of primary fiber direction in the coordinate system S, n), is a
primary fiber vector in the coordinate system C, N is a normalization coefficient, and
1/S defines the characteristic distribution of the directions. By utilizing the explicit
form of the transformation matrix (7.96) and using the expressions for ¢S () in
(7.130), the following formulas are derived:

cosw = cos 0, cos 0, + sin @y sin 6, cos(ar + 6 7), (7.157)
fint
0, = , 0, = , tandy = —,
costy =nnp, costly = f,y, tandys Finie
n=(-e®e) T(—2% .
1 = z z 1+ e, ps
y X e;
=1- -T - f.
fi=( e ®e;) (1+ezy) fp

In both axial and spherical component cases, the dependence of ODF on the angle
ais expressed as ek1¢03(@Hk2) Similar to the Eqs. (7.130)—(7.131), the transformation

~(SC .
matrix T( )(a) in (7.152) has a form ¢'"“. By using the equation:
27 ) )
/ da@kl COS(O&-sz)—lm(! — 2’/T€lmk21m(k1), (7158)
0

with 7, being a modified Bessel function of m-th order and applying (7.158), (7.157)
and (7.155), we obtain for (7.152):
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Fiy)=y®y: <510'1+5202 (7.159)
16
@ [ e:xy B (Sw)e'™ 4y ((nxe; )
S T 5 / T, ’ ol ).
0 b (1 +ezy) @)\ T+ ne, )

Here the notations of (7.133) have been used, and the angles w, ¢ for the spherical
components are:
w = cos>(0*/2), ¢ =6+ 2arctanb/a,

and for the case of axial components:
w=sinfysinb,, ¢ =0dy.

This formula can be generalized for S tensor of arbitrary symmetry [53].

The expression (7.159) demonstrates the transition from XSF to XEC. From one
hand, the relation between the measured strain and the stress (7.11) takes a place in
a case of the isotropic material. As follows from (7.159) and (7.152), in isotropic
case A = 1, the anisotropic part S, = 0 disappears along with the term of texture.
From the other hand, in the limit of the isotropic ODF, the value S tends to zero,
the functions ;(Sw) tend to zero, except of Ip(Sw), and we obtain the expression
(7.133), which results in (7.11).

7.5.3 Eshelby-Kroner Model

In the presence of texture, the Eq.(7.67) becomes very cumbersome. In opposite to
the isotropic case, where the simple analytical expression (7.145) exists, the relation
between E and C in anisotropic polycrystals is given by cumbersome integrals
(7.57) and (7.58). The averaging procedure involves ODF, which again complicates
the calculations comparing to the isotropic sample, where the equation (7.120) is
valid. As a result, the expressions (7.67) become a system of non-linear equations,
where the analytical solution similar to (7.147) is not possible.

The appropriate solution for the textured polycrystals is a construction of the
iterative procedure based on (7.67) for calculation of the tensor C [33, 34]. For
example, the Eq. (7.66) is re-written as:

€V = L [(A+E:de,)™ ) —1]: €9, (7.160)

where the second term in the right side equals to zero for the exact solution of (7.67).
By expressing the strain €©) through the stress (o) using the macroscopic compliance
tensor S = C~!, the following equation is obtained:

S=S+[(1+E:dc,) y—1]:8. (7.161)
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Based on this equation, the iterative scheme can be constructed as follows:
SOHD — 0 L f(A+ E™ :de,)y —1]: 8™, (7.162)

where E™ is calculated using C™ = S™ ™" The coefficient f is determined
empirically: the small values of f provide the convergence, however, require longer
iterations, whereas the large values of f make the iterations unstable. Using (7.69)
and (7.150), the expression for XSF is:

fdaf(c(sc)(a))(l + E: (i(SC)(a)c _ C))fl g 63
Jdaf (eSO @) 25, (1163)

F(y))=y®y:

with macroscopic tensors E, C, § = C~! being defined in the coordinate system S
and stiffness tensor of a separate crystallite ¢ being defined in the coordinate system
C.

7.5.4 Vook-Witt and Inverse Vook-Witt Models

Unlike the above discussed models, the Vook-Witt and inverse Vook-Witt models
implement the macroscopic anisotropy in the absence of texture.* The basic expres-
sions (7.84)—(7.87) contain the anisotropic tensors IT | and IT;, which distinguish
the direction of a surface normal among others (Fig.7.8 and 7.9).

The presence of texture incorporates another source of a macroscopic anisotropy.
Basing on the formulas (7.150) and (7.84), the following expression is obtained for
XSF:

Fy)=y®y: (7.164)
JdafeSO@)e(@) : (M) :e(@) —e(@) : M)~ (e(@) : T — M1 : Cyyp)
[daf (eSO ) ’
c(a) = ]A,(SC) (a)c.

Here the macroscopic tensors are defined in the coordinate system S, and the stiffness
tensor of a separate crystallite ¢ in a coordinate system C.

4 A similar situation occurs in Eshelby-Kroner model with the elliptical grains possessing a certain
orientation [5].
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Fig. 7.8 sin® 1 plot for Cu sample with symmetric biaxial stress 200 MPa, for (420) Bragg reflec-
tion for Voigt (V), Reuss (R), Eshelby-Kroner (E-K), Vook-Witt (VW), and inverse Vook-Witt
(IVW) models. The axial texture with half-width 1/S = 20 degree is included in the simulations,
and f » coincides with the normal n), in the direction (111). The dashed line shows the value
Jdaf (€9 (@), which is proportional to the intensity of reflection at fixed 1 and ¢
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Fig. 7.9 sin? ¢ plot for Cu sample with symmetric biaxial stress 200 MPa and for Bragg reflection
(200) in the absence of texture for Voigt (V), Reuss (R), Eshelby-Kroner (E-K), Vook-Witt (VW)
and inverse Vook-Witt (iVW) models. The morphologic texture inherent in Vook-Witt and inverse
Vook-Witt models leads to the non-linearity even in the absence of the orientational texture
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