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Edited by A. Borbély, Ecole National Supérieure

des Mines, Saint-Etienne, France

Keywords: residual stress; synchrotron

radiation; hexagonal structures; energy

dispersive diffraction; multireflection grazing

incidence diffraction; MGIXD; multireflection

and multiwavelength X-ray diffraction; MMXD.

A multireflection and multiwavelength residual
stress determination method using energy
dispersive diffraction
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The main focus of the presented work was the investigation of structure and

residual stress gradients in the near-surface region of materials studied by X-ray

diffraction. The multireflection method was used to measure depth-dependent

stress variation in near-surface layers of a Ti sample (grade 2) subjected to

different mechanical treatments. First, the multireflection grazing incidence

diffraction method was applied on a classical diffractometer with Cu K�
radiation. The applicability of the method was then extended by using a white

synchrotron beam during an energy dispersive (ED) diffraction experiment. An

advantage of this method was the possibility of using not only more than one

reflection but also different wavelengths of radiation. This approach was

successfully applied to analysis of data obtained in the ED experiment. There

was good agreement between the measurements performed using synchrotron

radiation and those with Cu K� radiation on the classical diffractometer. A

great advantage of high-energy synchrotron radiation was the possibility to

measure stresses as well as the a0 parameter and c0/a0 ratio for much larger

depths in comparison with laboratory X-rays.

1. Introduction

Residual stresses together with microstructure are one of the

most important parameters for materials characterization. The

stress state and material properties are usually heterogeneous

in the near-surface volume of machined samples. This is why

the design and determination of these properties by appro-

priate experimental methods is of great importance. X-ray

diffraction stress analysis (XSA) in reflection mode is a non-

destructive technique that is commonly used because of its

many advantages (Noyan & Cohen, 1987; Hauk, 1997;

Reimers et al., 2008). Especially important and useful are the

XSA methods that allow for residual stress determination in

well defined layers under the surface or within the sample

volume.

To achieve this, two different techniques can be applied.

The first is based on the definition of the so-called ‘gauge

volume’, defined by slit configurations in both the primary and

the diffracted beam optics and used to study stress hetero-

geneity inside the sample by means of neutron diffraction

(millimetre scale; see e.g. Hutchings et al., 2005) or high-energy

synchrotron radiation (usually a scale of tens of micrometres
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or even less; see e.g. Allen et al., 1985; Reimers et al., 1998;

Withers & Webster, 2001; Rowles, 2011; Genzel et al., 2011).

For a gauge fully immersed in the sample, the information

depth hziR is defined in real space by the absorption-weighted

centroid of the gauge (see e.g. Meixner et al., 2013). In this

method, narrow slits on the incident and diffracted beams

define the height of the gauge volume hgv, which should be

significantly smaller than the range of studied depths hziR as

shown in Fig. 1(a) (Genzel et al., 2012; Meixner et al., 2013).

Another technique for analysing the stress gradient in the

near-surface region is the Laplace-space method, in which the

information depth is defined by the exponential attenuation of

the X-ray beam. In this case, the geometric effect of the beam

size can be neglected when the configurations shown in

Fig. 1(b) are used (Genzel et al., 2007, 2012; Meixner et al.,

2013). The angular dispersion (AD) configuration with wide

initial and diffracted beams is usually applied in cases of high

absorption of low-energy X-rays at the laboratory diffract-

ometer (e.g. parallel beam geometry, used in this work; see

Fig. 2). For the higher-energy radiation used in the energy

dispersive (ED) technique, wide slits on the incident beam and

narrow slits on the diffracted beam are applied. In the latter

configurations [AD and ED shown in Fig. 1(b)], the infor-

mation depth hziLap is much smaller than the height of the

gauge volume (hgv) immersed in the sample and defined by the

slits.

In the case of the Laplace-space methods used in the

present work, the position at which the stresses are deter-

mined is defined by the distribution as a function of depth of

the so-called ‘diffraction power’. According to Klaus &

Genzel (2013), each sublayer dz at a depth z below the surface

contributes

dP zð Þ ¼ exp ��kzð ÞI0 S= sin �ð Þ dz ¼ exp ��kzð ÞC dz ð1Þ

to the total diffraction signal, where I0 is the intensity of the

incident beam, C = I0(S / sin�), � is the linear X-ray absorption

coefficient, S is the unit beam cross section of the incident

beam, k is a geometry factor relating the geometrical path of

the X-ray beam within the sample to the depth z and � is the

angle of incidence formed by the incident beam (see also

Fig. 2a).

Hence, for a sample of thickness D, one finds

PD ¼
RD
0

dP zð Þ ¼ C
RD
0

exp ��kzð Þ dz: ð2Þ

For a thick sample where �kD� 1, equation (2) yields

PD ¼ C= �kð Þ ¼ P1.

On the basis of the above relation, an average information

depth hziLap can be defined to which the measured X-ray

signal can be assigned as the ‘centroid’ or ‘weighted average’

of the diffraction power:

hzð�kÞiLap
¼

R D

0 z dP zð ÞR D

0 dP zð Þ
¼

R D

0 z exp ��kzð Þ dzR D

0 exp ��kzð Þ dz
: ð3Þ

For a thick sample (�kD� 1) one obtains

hz �kð ÞiD ¼ �1=e ¼ �kð Þ
�1: ð4Þ

The physical interpretation of the so-called ‘information

depth’ �1/e follows directly from equation (2) (see also Fig. 2b).

Accordingly, the diffraction power of a thin surface layer of

thickness �kð Þ
�1 amounts to

P �kð Þ�1

¼
R�kð Þ�1

0

dP zð Þ ¼ C= �kð Þ 1� expð�1Þ½ � ¼ 0:63P1; ð5Þ

which is 63% of the diffraction power of an infinitely thick

sample.

To measure the stress gradient, its effect on the measured

lattice strains during sample tilt or rotation was analysed (e.g.

Hauk, 1997; Genzel, 1999; Ruppersberg et al., 1989; Klaus et

al., 2009; Klaus & Genzel, 2013). Alternatively, the measure-

ments were performed for sample orientations for which the

information depth was kept constant (Kumar et al., 2006;

Erbacher et al., 2008; de Buyser et al., 1991; Van Acker et al.,

1994; Quaeyhaegens et al., 1995; Skrzypek et al., 2001;

Marciszko et al., 2017). To characterize stress variation,

different information depths were chosen by setting appro-

priate conditions for the experiment (usually the incident

angle or energy of the X-rays). The method of combining the
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Figure 1
Height of the gauge volume (hgv) immersed in the sample compared with
the information depth in real space hziR and in Laplace space hziLap.
Different modes of X-ray and synchrotron diffraction are shown: (a) the
narrow-slit configuration with small gauge and (b) wide-slit configura-
tions (AD – angular dispersion; ED – energy dispersive) for which the
information depth hziLap is defined by equation (3) and D denotes the
thickness of the sample.

Figure 2
Geometry of the multireflection grazing incidence diffraction method. (a)
The incidence angle � is fixed during measurement while the orientation
of the scattering vector is characterized by the angle  hkl. (b) Variation of
the beam intensity with the depth (z) below the surface and definition of
information depth �1/e.



geometric effects of gauge volume and the effect of beam

attenuation was also proposed by Meixner et al. (2013).

The choice of the methods presented in this work was

driven by the idea of presenting a non-destructive experi-

mental tool that allows the analysis of the residual stress

gradient in the near-surface volume and the evaluation of the

depth dependence of the a0 lattice parameter, as considered

by Klaus & Genzel (2017) for cubic materials. In the present

work, the multireflection and multiwavelength X-ray diffrac-

tion (MMXD) method of stress determination based on the

Laplace-space technique will be introduced. This method

allows for non-destructive analysis of residual stresses, the

strain-free a0 parameter and the c0/a0 ratio (for hexagonal

materials) as a function of the depth penetrated by X-rays.

The results obtained from MMXD will be compared with

results from the multireflection grazing incidence X-ray

diffraction method (MGIXD; see e.g. Skrzypek et al., 2001;

Marciszko et al., 2017), which uses only one wavelength (but

multiple hkl reflections). A comparison will also be made with

results of the ED (see e.g. Genzel et al., 2007) diffraction

technique using one hkl reflection and multiple wavelengths

and energies, enabling us to alter the information depth.

Each of the three aforementioned Laplace-space methods

exhibits advantages and disadvantages. MGIXD is the

simplest method used, especially on laboratory diffract-

ometers for low-energy X-rays (De Buyser et al., 1991; Van

Acker et al., 1994; Quaeyhaegens et al., 1995; Skrzypek et al.,

2001; Skrzypek & Baczmanski, 2001; Marciszko et al., 2013).

An important advantage of MGIXD is that it allows deter-

mination of not only the stresses but also the a0 strain-free

lattice parameter and the c0/a0 ratio (Marciszko et al., 2016).

When higher energies are used, the number of available hkl

reflections is not sufficient to determine stresses, and thus the

range of available information depth is limited. On the other

hand, the ED (standard, one reflection) method can be used to

determine stresses for much greater depths; however, the

information depth varies during measurement (Genzel et al.,

2007). The purpose of MMXD is to combine the advantages of

the MGIXD and ED techniques in order to study information

depth, which is constant during stress determination, and

simultaneously to increase the range of depths for which the

stresses can be measured. Moreover, the combination of the

two methods will allow us to determine the variation of both

the a0 parameter and c0/a0 ratio with depth. These goals can be

achieved in MMXD, as demonstrated in this work. However,

the new method is more complex than the classical ED and

MGIXD techniques, which in turn leads to greater uncertainty

in the determined stresses. The comparison of the three

methods will be made on the basis of experimental results

obtained using a laboratory diffractometer as well as

synchrotron radiation to measure the stress gradients in

mechanically treated Ti samples.

1.1. Multireflection grazing incidence diffraction method

The MGIXD method (De Buyser et al., 1991; Van Acker et

al., 1994; Skrzypek et al., 2001; Baczmański et al., 2004;

Marciszko et al., 2013) is an indispensable tool for non-

destructive analysis of heterogeneous stresses for different

(well defined) volumes below the surface of a sample. Such

measurements are possible because of the small and constant

angle between the incident beam (�) and the sample surface

(see Fig. 2a). Consequently, the information comes from a

constant penetration depth of X-ray radiation in the studied

material. The information depth can be changed by setting

different incident angles. In the case of the MGIXD method,

the lattice strains are measured in different crystallographic

directions and are then used in the X-ray stress analysis. As

mentioned above, the gradient of residual stresses in surface

layers (De Buyser et al., 1991; Predecki et al., 1993; Van Acker

et al., 1994; Skrzypek et al., 2001; Welzel et al., 2005; Kumar et

al., 2006; Genzel, 1994; Genzel et al., 1999; Skrzypek &

Baczmanski, 2001) as well as strain-free a0 (Baczmański et al.,

2004) and c0/a0 parameters (for hexagonal crystals) and their

depth-dependent variation can be determined (Marciszko et

al., 2016).

In MGIXD, the wide range of scattering vector inclinations

enables us to obtain an hað�;  Þifhklg versus sin2 plot (where

h. . .ifhklg signifies the average over a series of symmetrically

equivalent planes {hkl}) that can be used to calculate the stress

tensor from linear regression or by the least-squares method

(Noyan & Cohen, 1987). To perform stress measurements for

a constant information depth (�1/e) in the MGIXD method, the

orientation of the scattering vector, characterized by angle  ,

is varied and the small angle � is kept constant (see Fig. 2a)

(De Buyser et al., 1991; Van Acker et al., 1994; Quaeyhaegens

et al., 1995; Skrzypek et al., 2001; Skrzypek & Baczmanski,

2001; Marciszko et al., 2013). The different orientations of the

scattering vector are given by the equation

 hkl ¼ �hkl � �; ð6Þ

where 2�hkl are the diffraction angles corresponding to the hkl

reflections from which the diffraction peaks are measured.

Stresses are determined using the fundamental equations of

XSA (Noyan & Cohen, 1987; Hauk, 1997; Reimers et al., 2008;

Welzel et al., 2005) from the interplanar spacings hdð�; Þifhklg

measured in the direction of the scattering vector, i.e. in this

case, for different  hkl (and consequently various �hkl angles)

and for constant � (Fig. 2a). However, in the case of the

multireflection method, instead of hdð�; Þifhklg, the equivalent

lattice parameters hað�; Þifhklg are expressed in terms of the

macrostresses �ij and strain-free lattice constant a0 (Skrzypek

et al., 2001):

hað�; Þifhklg ¼ Fij hkl; �;  ð Þ�ij

� �
a0 þ a0; ð7Þ

where

hað�; Þifhklg ¼ hdð�; Þifhklg

4

3
h2
þ hkþ k2

� �
þ

l2

ðc0=a0Þ
2

� �1=2

ð8Þ

for a hexagonal structure.

Fij(hkl, �,  ) are the X-ray stress factors (XSFs are defined

and used by Dölle & Hauk, 1978; Brakman, 1983; Barral et al.,
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1983; Ortner, 2006). � and  are the azimuthal and polar

angles defining the orientation of the scattering vector [the

possible values of  depend on the diffraction angles 2�hkl

corresponding to the available reflections hkl; see equation

(6)].

In equations (7) and (8) the contribution of second-order

plastic incompatibility stresses caused by anisotropy of the

plastic deformation (for details see e.g. Greenough, 1949;

Hauk et al., 1988; Baczmański et al., 1994, 2003, 2008; Gloa-

guen et al., 2013) was neglected. These stresses can signifi-

cantly influence the results of lattice strain measurements in

the case of monotonic plastic deformation like the cold rolling

process or tensile test. However, in the case of mechanical

polishing or grinding, the plastic incompatibility stresses

exhibit an approximately random orientation distribution,

and, as shown by Marciszko et al. (2016), they increase the

uncertainty of the results but do not significantly change the

values of the stresses and stress-free lattice parameters

determined using the MGIXD method.

In the case of hexagonal structure the value of the c0/a0

parameter is, in principle, unknown and there are two ways of

calculating hað�; Þifhklg from the measured hdð�; Þifhklg. In

the first, the c0/a0 ratio measured in another experiment or

taken from the literature is introduced into equation (8). In

the second, the iteration procedure proposed by Marciszko et

al. (2016) for c0/a0 determination can be used. In the first step

of this procedure, we substitute a theoretical value of c0/a0 into

equation (8) and the least-squares method is used to find �ij

and a0 from equation (7). The result of the first adjustment is

usually poor because the experimental hað�; Þifhklg are not

correctly calculated with the assumed value of c0/a0. Conse-

quently, the experimental hað�; Þifhklg disagree with those

obtained from equation (7) for optimized �ij and a0 fitting

parameters. Hence, the procedure must be developed in order

to correct the value of c0/a0 for the studied material, taking

into account the macrostresses present in the sample. In this

context, equation (8) can be rewritten in the following form:

y ¼ px; ð9Þ

where

y ¼
hað�; Þifhklg

hdð�; Þifhklg

� �2

�
4

3
h2
þ hkþ k2

� �
;

x ¼ l2 and p ¼
1

c0=a0ð Þ
2
:

The above linear equation versus l2 allows us to determine p

and consequently c0/a0 using a simple linear regression

method. The measured hdð�; Þifhklg spacings and values of

hað�; Þifhklg calculated from equation (7) (for �ij and a0

optimized in the first step for an approximate value of c0/a0)

are substituted. The obtained c0/a0 parameter is still an

approximation, but can be applied in the second step of

iteration to calculate hað�; Þifhklg used in the least-squares

procedure based on equation (8). As a result, new values of �ij

and a0 are determined. Two iteratively applied fitting proce-

dures usually lead to convergence, allowing determination of

macrostresses �ij, the strain-free lattice parameter a0 and a

more accurate value of c0/a0. Finally, if the iterative calcula-

tions converge, a very good agreement between the estimated

values of hað�; Þifhklg [obtained from equation (7)] and the

experimental values [determined from equation (8)] can be

achieved. However, note that the aforementioned procedure

can be applied only when a sufficient number of experimental

hkl are available. If this condition is not fulfilled, the known c0/

a0 value must be introduced into equation (8).

As mentioned above, in the case of monochromatic X-ray

radiation, the information depth (�1/e) can be changed by an

appropriate setting of the � angle in order to investigate

materials to different depths below the sample surface (of the

order of a few micrometres or even less than 1 mm). The

information depth is directly determined by the attenuation of

the radiation in the studied material and it is not limited by the

apertures of the incident and diffracted beams [see AD

configuration in Fig. 1(b)]. In this case, the information depth

(�1/e) can be expressed as

�1=e ¼ ðk�Þ
�1
¼

1

sin �
þ

1

sin 2� � �ð Þ

� ��1

��1; ð10Þ

where k is the geometry factor and � is the linear X-ray

absorption coefficient which is dependent on the energy of X-

rays used [equation (1)].

The relative attenuation of the scattered beam intensity

(I/I0) as a function of the depth below the surface (z/�1/e, i.e.

related to the given value of �1/e) is shown in Fig. 2(b). When

different wavelengths of X-rays are used in the experiment,

the information depth is defined by setting an appropriate �
angle for the given X-ray energy (see Marciszko et al., 2017).

Using equation (7) and assuming relaxation of the stress

perpendicular to the surface, �33(�1/e) = 0, the other compo-

nents of the stress tensor as well as the c0/a0 and a0 parameters

can be determined for a given information depth �1/e. To do

this, a least-squares fitting based on equations (7) and (9) is

used (Marciszko et al., 2016).

In the present study, the MGIXD method was applied to

measure depth-dependent profiles of stresses, a0 and c0/a0 for

hexagonal crystal structures. The XSFs were calculated from

single-crystal elastic constants and crystallographic texture by

adopting the Eshelby–Kröner grain-interaction model

(Eshelby, 1957; Kröner, 1961; Sprauel & Barral, 1989; Bacz-

manski et al., 2003, 2008).

1.2. Energy dispersive synchrotron diffraction method

ED synchrotron measurements provide complete diffrac-

tion spectra for a fixed detector position. Bragg reflections are

obtained for different X-ray energies (wavelengths) so each

reflection corresponds to a different depth in the sample [the

experimental setup is described by Genzel et al. (2007)]. The

residual stress analysis is based on the measurement of

diffraction line profiles and the evaluation of strains for

different orientations of the scattering vector. In the case of

ED with a white synchrotron beam, measurements are
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performed for fixed 2� diffraction angles, and the interplanar

spacings hdð�; Þifhklg corresponding to each energy E(hkl) of

the diffraction lines can be expressed as (Genzel et al., 2007)

hdð�; Þifhklg ¼
hc

2EðhklÞ sin �
; ð11Þ

where h is Planck’s constant and c is the speed of light.

Therefore the lattice strain h"ð�; Þifhklg is given by

h"ð�; Þifhklg ¼
E0ðhklÞ

E� ðhklÞ
� 1; ð12Þ

where E0(hkl) is the energy corresponding to the strain-free

lattice spacing d0 for {hkl} planes and the lattice strain is

determined for a given orientation (�,  ) with respect to the

sample system.

In the same way as for the MGIXD method, the relation

between the elastic lattice strain, measured from the diffrac-

tion spectra, and the averaged residual stress is given by the

fundamental theory and equations of XSA, which were

described in detail in previous work (e.g. Noyan & Cohen,

1987; Hauk, 1997; Reimers et al., 2008).

Each E(hkl) of a reflection on the energy scale corresponds

to a different (average) information depth; the symmetrical  
mode (sample tilt axis in the diffraction plane) used in this

work can be calculated as

�1=e ¼ ðk�Þ
�1
¼

sin � cos 

2
��1: ð13Þ

In the presented ED technique (as in the MGIXD method),

the information depth is limited by the attenuation of radia-

tion (see Figs. 1b and 2b) and it can be defined by the angles

2�,  and the energy-dependent coefficient �(E) (the gauge

volume is not determined by the size of the incident or

diffracted beam). This method of residual stress determination

using ED synchrotron diffraction has been widely described in

the literature (i.e. Genzel et al., 2007) and applied to solve

various special and complex problems.

1.3. Multireflection and multiwavelength X-ray diffraction
method

The idea of the proposed MMXD method in residual stress

analysis is based on an ED diffraction measurement combined

with a sin2 analysis for multiple hkl reflections (like in the

MGIXD method). An appropriate data treatment based on

the application of ED synchrotron X-ray diffraction was

introduced for the analysis of stress gradients. In this case, data

are collected for a constant 2� angle like in classical stress

analysis, but with a white synchrotron beam. Then the data are

grouped for strictly chosen information depths. By these

means, it is possible to perform the residual stress analysis

layer by layer in the sample and get a much deeper profile than

in the classical MGIXD method. The benefit of this approach,

in contrast with classical ED stress analysis, is that the depth

profile is not averaged over a wide range of depth, and

multiple hkl reflections are used (multireflection). The

constant information depth for a selected group of measured

points is still expressed by equation (13), and the stresses as

well as the c0/a0 and a0 parameters are calculated as in the

MGIXD method, according to equations (7) and (9).

2. Experimental

The preliminary experiments were performed for mechani-

cally treated samples of Ti (grade 2, composition given in

Table 1) using a Philips X-Pert X-ray diffractometer (Cu K�
radiation) equipped with a Göbel mirror in the incident beam

optic. These samples were then investigated by applying the

ED synchrotron diffraction method at BESSY (EDDI@

BESSYII beamline) (Genzel et al., 2007; Klaus & Garcia-

Moreno, 2016).

2.1. Sample preparation and characterization

For testing the XSA methods, a hexagonal material with low

crystal elastic anisotropy was chosen. These conditions were

fulfilled in the case of Ti (grade 2), for which single-crystal

elastic constants are given in Table 2. Mechanical surface

treatments were selected to introduce residual stress of the

opposite sign (i.e. compressive and tensile residual stresses),

with the aim of confirming the method’s applicability in both

cases. Therefore, the first Ti sample was ground and the second

was mechanically polished. Grinding was supposed to intro-

duce tensile stresses into the near-surface layers whereas

polishing should introduce compressive stresses.

In the case of grinding, the rotational speed of the grinding

wheel (external diameter of 300 mm, internal diameter of

127 mm and width of 40 mm) was 2000 r min�1 and the work

speed was 9 m min�1. Several passes were carried out and in

each pass a layer of 20 mm was removed. Manual bi-directional

polishing was performed for the second sample in five steps

using the following emery papers: 800, 1200, 2000, 2500, 4000

grit. The last treatment was performed with a pressing force of

5 N. Polishing paste was used for the final treatment (size of

the polished surface: 1.5 � 1.5 mm). The surface roughness

(Ra) parameter for all mechanically treated samples is given in

Table 3.

For the investigated samples (ground, polished and initial

Ti) the {002}, {100}, {101} and {102} pole figures were measured

on a Philips X-Pert X-ray diffractometer using Cu K� radia-

tion. From the set of all measured pole figures the orientation

distribution functions (ODFs; Bunge, 1982) representing
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Table 1
Composition of the Ti samples (grade 2) used in the present work (wt%).

Ti O Fe Ni C N

Balance 0.131 0.109 0.020 0.010 0.010

Table 2
Single-crystal elastic constants for the studied Ti (grade 2) sample (Boyer
et al., 1994; Simoms & Wang, 1971).

Cij (GPa) C11 C12 C13 C33 C44 C66

Ti 162 92 69 180 47 35



crystallographic textures were determined for each sample

using the WIMV method (Kallend et al., 1990). As seen in

Fig. 3, the grinding process changes the texture significantly

and leads to lower sample symmetry (triclinic) in comparison

with the initial sample (orthorhombic). Polishing also modifies

the texture but these changes are smaller, i.e. the preferred

texture orientations in Ti (grade 2) are shifted with respect to

the initial orientations after polishing. Polished Ti exhibits

orthorhombic sample symmetry, like the initial sample.

Therefore, in these cases, the ODFs within the range

0 � ’1 � 90� are shown.

2.2. Laboratory classical monochromatic diffractometer

MGIXD measurements were initially performed on a

Philips X-Pert X-ray diffractometer using Cu K� radiation.

The data were collected in continuous scan mode, integrating

counts for a step size of 0.02� with a time of 6 s per step. The

parallel beam configuration was used in the measurements.

The incident beam optics were equipped with a Göbel mirror

and Soller slit (0.04 rad) with a fixed divergence slit (0.5�),

whereas the diffracted beam optics were equipped with a

parallel plate collimator (0.18�) and Soller slit (0.04 rad). This

configuration made it possible to use a linear focus of the

X-ray tube. The advantage of the parallel beam configuration

is the high resolution in determination of peak position and

minimization of the error caused by sample displacement in

the z direction. Diffraction spectra were collected for � = 0

and 90� using a proportional point detector. The range of  
angle was 0–70� and the 2� scanning range was 30–150�.

Measurements were performed for two incidence angles � = 5

and 15�. To exclude geometrical errors in peak shifts resulting

from diffractometer misalignment, the powder reference

sample was also measured under the same conditions as the

examined samples. The shapes of the diffraction peaks were

corrected for the Lorentz–polarization factor as well as for

absorption effects (LPA correction) using appropriate

formulas for MGIXD, given by Wroński et al. (2009) and

Marciszko (2013). Pseudo-Voigt profiles (taking into account

the K�1 + K�2 doublet) with a linear background approx-

imation were fitted to well defined and good quality peaks in

order to determine their 2� positions. We found that for the

analysed diffraction patterns the LPA correction does not

significantly change the peak positions and the results of stress

measurements.

2.3. Synchrotron EDDI measurements

In the next step, the multireflection method was applied for

the energy dispersive method, using a white beam (wavelength

� in the range 0.89–0.31 Å, corresponding to an energy range
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Figure 3
Orientation distribution function determined using Cu radiation for (a)
the initial Ti, (b) ground Ti and (c) polished Ti samples. The sections
through Euler space (Bunge, 1982) with a step of 5� are presented along
the ’2 axis.

Table 3
Values of surface-roughness parameter (Ra) for investigated Ti samples.

Surface treatment Ra (mm)

Polishing 0.04
Grinding 1.87



of 13.9–40 keV). The measurements were performed on the

EDDI@BESSYII beamline at the BESSY synchrotron

(Berlin, Germany) in reflection geometry (Klaus & Garcia-

Moreno, 2016). The synchrotron white beam was generated by

the 7T-Wiggler and passed about 30 m through optical

components up to the location of the sample. An absorber

mask limits the beam diameter to 3.9 �3.9 mm. A low-energy

solid-state Ge detector was used to collect the diffraction data.

In order to achieve the required characteristics of the beam, a

system of slits and filters is provided. The primary beam cross

section was defined as 0.5 � 0.5 mm. The angular divergence

in the diffracted beam was restricted by a double slit system

with apertures of 0.03 � 5 mm to �� � 0.005�. Note that the

aperture of the primary beam slit (0.5 mm) is much larger than

that of the secondary beam slit system (0.03 mm). Since only

half of the volume element is immersed in the material, the

effective height of the gauge volume hgv ’ 250 mm, which is

much larger than the information depth �1/e < 20 mm (see

Fig. 1b). Hence, the depth from which the information in the

diffracted signal originates is limited by absorption and not the

size of the gauge volume.

The scattering angles 2� chosen were equal to 7, 10, 16 and

20�. Diffraction spectra were collected in symmetrical  mode

for � = 0, 90, 180 and 270�. Residual stresses were evaluated by

means of the sin2 method in steps of � = 4� (for  = 0, 72�)

and � = 2� (for  = 74, 80�). The diffraction peaks were

fitted using the pseudo-Voigt function. A reference Au powder

was used to exclude geometrical errors caused by apparatus

misalignment.

3. Results and discussion

In this work, the methodology for experimental data inter-

pretation has been developed in order to treat data obtained

not only for different incident angles but also using simulta-

neously different wavelengths. Therefore, the new method is

not only ‘multireflection’ but also ‘multiwavelength’, and more

experimental data are available to calculate the values of

stresses in comparison with MGIXD. Moreover, the applica-

tion of high-energy synchrotron radiation enables measure-

ments of much deeper volumes compared with classical

diffraction performed using Cu K� X-rays.

3.1. Residual stress profile – MGIXD classical X-ray
measurements

Firstly, the calculation of the stresses in polished and ground

Ti (grade 2) was performed using the assumed values of the

c0/a0 parameter indicated in Figs. 4(a), 4(b), 5(a) and 5(b). In

this case, the value of c0/a0 was not varied during data treat-

ment. Note that the experimental points are spread far from

the lines obtained by fitting equation (7) with the XSFs

calculated using the Eshelby–Kröner model [see hað�; Þifhklg

versus sin2 plots in Figs. 4(a), 4(b), 5(a) and 5(b)] from the

single-crystal elasticity constants given in Table 2 and the

ODFs shown in Fig. 3.

Next, the iterative procedure was used and the c0/a0 value

was also adjusted. The resulting hað�; Þifhklg versus sin2 
plots exhibit significantly better agreement between theore-

tical and experimental points (Figs. 4c and 5c). The values of

the c0/a0 parameter and goodness of fit 	2 (Marciszko et al.,

2016) determined using the procedure presented in x1 are also

given in these figures. It can be seen that the value of 	2

decreases significantly when the experimental points approach

the theoretical curves.

For the mechanically treated samples, the values of stresses

and the a0 and c0/a0 lattice parameters were determined in the

near-surface region for two information depths (�1/e) corre-

sponding to different incident angles (� = 5 and 15�), and

compared with analogous measurements performed for the Ti

powder sample (in the latter case more depths were studied).

The results presented in Fig. 6 show that stresses close to zero
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Figure 4
hað�; Þifhklg versus sin2 plots for the mechanically polished Ti sample,
measured with � = 5�. In figures (a) and (b) the theoretical plots were
fitted to the experimental points determined with assumed c0/a0 values,
whereas in the case of figure (c) the c0/a0 parameter was adjusted. An
uncertainty of the peak position 
(2�) = 0.01� was assumed.



were measured in the Ti powder, which means that our

experimental setup and method for stress calculation are

validated. Different types of stresses were generated from the

two surface treatments, i.e. tensile stresses after grinding

(slightly higher stress along the direction of grinding) and

compressive stress after polishing. No significant stress

evolution was observed in the depth penetrated by X-rays for

ground and polished samples in the range of information

depth that was accessible on the classical diffractometer. Also,

no significant evolution with depth was found for a0 and c0/a0

parameters for all measured samples. The averages of the

parameters calculated for both mechanically treated Ti (grade

2) samples and both incidence angles [a0 = 2.9515 (10) Å and

c0/a0 = 1.5871 (4)] are close to those determined for the

powder sample [a0 = 2.9503 (3) Å and c0/a0 = 1.5871 (1)], as

well as to the accurate values given by Wood (1962) for high-

purity Ti [a0 = 2.95111 (6) Å, c0 = 4.68433 (10) Å and c0/a0 =

1.5873] [similar values were reported by Lutjering & Williams

(2003)]. Small discrepancies between a0 values measured for

different samples can be caused by different levels of impurity

elements in the studied Ti materials.

3.2. Residual stress profile – ED measurement using
synchrotron radiation and new analysis

As in the case of classical MGIXD X-ray measurements, in

the synchrotron data analysis, the XSFs were calculated with

the Eshelby–Kröner model using the single-crystal elastic

constants given in Table 2 and the ODFs shown in Fig. 3. All of

the collected diffraction peak shapes were fitted using the

pseudo-Voigt function. The stress analysis based on the
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Figure 5
Similar results to those in Fig. 4, but for a ground Ti sample.

Figure 6
The depth-dependent profiles of stresses (a), a0 (b) and c0/a0 (c) for
mechanically polished (bi-directional polishing) and ground (where �11 is
parallel to the grinding direction) Ti grade 2 samples, as well as the
reference powder sample, obtained by the MGIXD method. Cu K�
radiation and the pseudo-Voigt profile were used for fitting.



synchrotron measurements was performed using two different

methods.

The first method of analysis was the standard sin2 method

( geometry) in which a constant 2� of 16� was used. Each

hdð�; Þifhklg versus sin2 plot was measured for different hkl

reflections. Because the absorption varies for different ener-

gies (and wavelengths) of radiation, each plot was determined

for a different average information depth. However, the
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Figure 7
Examples of hdð�; Þifhklg versus sin2 plots for the polished Ti sample obtained using standard analysis and different hkl reflections.

Figure 8
Similar results to those in Fig. 7, but for a ground Ti sample.



information depth is not constant and varies versus sin2 .

Example hdð�; Þifhklg versus sin2 plots for standard ED

analysis are shown in Figs. 7 and 8 for � = 0 and 90� only (the

determined �13 and �23 shear stresses are negligible).
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Figure 9
Example of hað�; Þifhklg versus sin2 plots obtained using multireflection analysis for a polished Ti sample. The lines represent mean values of
theoretical hað�; Þifhklg parameters over all available reflections, while the experimental data are shown using different colours for different hkl
reflections.

Figure 10
Similar results to those in Fig. 9, but for a ground Ti sample (the same legend and convention of data presentation apply).



The second method of analysis (MMXD) was based on the

data obtained for four 2� values: 7, 10, 16 and 20� for which

different reflections were used. They were grouped in sets

corresponding to chosen ranges of information depth with

intervals of 	2 mm and the data exhibiting a large uncertainty

of the determined peak position were removed. In this

method, only the values of hað�; Þifhklg corresponding to the

defined interval of information depth (different wavelengths

and hkl reflections) were chosen to create one sin2 plot. The

obtained sin2 plots are presented in Figs. 9 and 10 for

different depths �1/e (because of a low elastic anisotropy of Ti,

the mean values of the theoretical lattice parameters

hað�; Þifhklg for all available reflections are shown). Note that

for the information depth �1/e = 4 mm in the ground sample

only the 100 reflection (measured for different 2� and  
angles) was used to construct the sin2 plots (Fig. 10). In this

case, the interplanar parameter was not dependent on the c0/a0

ratio and so the stress values and a0 parameter were deter-

mined directly from equations (7) and (8) (as in the standard

method) without adjustment of the c0/a0 value [equation (9)].

Therefore, for this depth, the c0/a0 value was not found but the

a0 value was determined unambiguously. Comparing the

results for both samples studied (Figs. 9 and 10) it can be

concluded that the quality of experimental data obtained for

the ground sample is much better in comparison with the

polished one. As a result of significant plastic deformation in

the surface layer of the polished material, fewer peaks were

available and the uncertainty of the peak positions was

greater. In the case of information depth �1/e = 4 mm for the

polished sample, the low quality of the experimental data and

large uncertainties of the measured peak positions (100

reflections) prevented a stress analysis (see Fig. 9). The sin2 
plots constructed for �1/e = 6–14 mm in both samples consist of

three (or at least two) reflections, which enabled us to apply

the MMXD analysis [based on equations (7)–(9)] and calcu-

late both c0/a0 and a0 parameters.

In view of the results for the stress analysis presented in

Fig. 11, it can be concluded that a good convergence of the

results from different methods was obtained within the range

0–18 mm of information depth. It was also found that, for the

MMXD technique, the deeper the information depth, the

smaller the number of reflections available for a given range of

��1/e = 	2 mm and, as a consequence, the sin2 plots are

constructed for a smaller range of sin2 . This defines the limit

of applicability of the method. On the other hand, close to the

sample surface, the stresses determined using synchrotron

data agree with the results obtained on a laboratory diffract-

ometer (using Cu K� radiation).

Using the MMXD method of data analysis, it was possible

to determine a0 and c0/a0 parameters for the studied range of

information depth (excluding �1/e = 4 mm, where only a0 was

determined for the ground sample). As shown in Figs. 12 and

13, both parameters are close to those obtained from MGIXD

(on a laboratory diffractometer) and they do not change

significantly with the information depth. The spread of the

experimental results around the average values is caused by

reasons such as inaccuracy of the XSFs, the limited number of

reflections used and possible misalignments of the experi-

mental setup leading to inaccurate values of the 2� angle and �
wavelengths. Moreover, factors affecting the beam intensity

such as diffraction extinction and crystallographic texture

were not taken into account when the information depths

were estimated. The issue of X-ray beam attenuation is

important for the proposed methodology, because it can lead

to incorrect estimation of the information depth calculated on

the basis of the linear absorption coefficient �. However, for

ground or polished samples, the mechanical treatment signif-

icantly increases the imperfection of the crystals and mini-

mizes extinction effects (Warren, 1969). In the samples studied

here, the primary extinctions can be neglected because the size

of the coherent domain determined from the Williamson–Hall

method (between 20 and 50 nm; see Marciszko et al., 2013) is

significantly smaller than the extinction length (larger than

700 nm) calculated for the strongest reflection and for the

used energy range (Zachariasen, 1945; Kryshtab et al., 2004).

Also, the effect of secondary extinction in diffracting grains is

small because of large misorientations of the lattice within

grains; a range of 1–2� was estimated from electron back-

scatter diffraction measurements (see Wroński et al., 2015),

which is larger than the limit of some arcminutes below which

such effects may play a role (Zachariasen, 1963). Moreover,
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Figure 11
The depth-dependent profile of stresses determined for (a) polished and
(b) ground samples (Ti grade 2). Comparison of the results from a
classical diffractometer (MGIXD), synchrotron EDDI experiment
(MMXD) and the standard ED stress measurements.



the overall influence of secondary extinction on the beam

attenuation in polycrystalline aggregates is much lower than

that calculated for a single polycrystalline grain [assuming

mosaic grain structure, as in the work of Zachariasen (1963)]

owing to large differences between grain orientations (even in

the case of crystallographic texture). Therefore, the effect of

the primary and secondary extinction as well as the texture is

not significant in the case of mechanically treated surfaces but

should be taken into account in deposited layers if large near-

perfect crystals are present (Chaudhuri & Shah, 1991;

Birkholz et al., 2005).

To reduce the influence of misalignment effects, calibration

on the gold powder sample was performed individually for

each measured peak position. We also checked that the choice

of model for XSF calculations did not significantly change the

results obtained. Finally, the deviation of the a0 parameter

from the average value obtained with the MGIXD and

MMXD methods is approximately equal to 0.001 Å (Fig. 12),

whereas the c0/a0 parameter deviations are about 0.0015

(Fig. 13). In both cases, the deviations are larger than the

uncertainties determined from the least-squares fitting

procedure. It should be also emphasized that the values of

both parameters (especially c0/a0) are more reliable in the case

of the MGIXD method, in which many hkl reflections were

used in the analysis.

From the results obtained in this study, we can clearly see

the advantage of the MMXD method, in which the ED

experimental data are analysed step by step for given incre-

ments of information depth. The variation of the stresses as a

function of depth with steps of 2 mm within the range 4–14 mm

(defined for information depth in Laplace space) can be

determined and the results agree with those obtained with

standard ED measurements. The standard ED method based

on a single hkl reflection gives the average stresses integrated

over a wide range of information depth (only four values of

stress at different depths, measured using 2� = 16�, are

presented in Fig. 11). On the other hand, the depth-dependent

stress profile is well characterized using MMXD analysis.

Moreover, results obtained using MMXD with synchrotron

radiation confirmed the values of stress measured close to the

sample surface using MGIXD with Cu K� radiation, i.e.

perfect continuity between the two ranges available for these

methods was obtained. The a0 and c0/a0 lattice parameters can

also be determined by applying MMXD analysis, but in order

to obtain better results the quality of the diffraction data must

be improved and the availability of different hkl reflections

should be increased.
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Figure 12
The depth-dependent profile (in the range 0–14 mm) of lattice parameter
a0 for (a) polished and (b) ground samples. Comparison of the results
from a classical diffractometer (MGIXD) and synchrotron EDDI
experiment (MMXD).

Figure 13
Similar comparison to that in Fig. 12, but for the determined c0/a0 ratio.



4. Conclusions

In this study, a new approach for the analysis of ED

synchrotron data was proposed and tested on mechanically

treated Ti surfaces. This analysis (called MMXD) allowed us

to determine a depth-dependent stress profile with a step of

2 mm in the Laplace space. Note that this does not mean the

spatial resolution in real space is equal to this step. However,

the applicability of the MMXD method for samples exhibiting

a strong stress gradient is evident from the fact that the data

are grouped in much smaller ranges in comparison with the

standard ED method (this should be shown in future on

appropriate example specimens). Special care should be taken

when analysing MMXD data for samples consisting of near-

perfect crystals, in which case the extinction effect should be

taken into account in calculation of the information depth for

which experimental points are grouped.

For mechanically treated surfaces of Ti-alloy samples, a

good convergence was obtained between the stresses

measured using synchrotron radiation (MMXD and standard

ED methods) and those determined with Cu K� radiation on a

laboratory diffractometer (MGIXD method). Certainly,

synchrotron radiation with higher energies allowed measure-

ments for larger depths in comparison with laboratory X-rays.

The advantage of the MGIXD and MMXD methods is the

possibility for determination of both a0 and c0/a0 strain-free

lattice parameters in the well defined surface region of the

sample.
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B. (2015). Met. Mater. Int. 21, 805–814.
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