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a b s t r a c t
The geometry based on the multireﬂection grazing incidence X-ray diffraction can be applied to measure residual stresses. Using this method, it is possible to perform a non-destructive analysis of the heterogeneous
stresses for different and well deﬁned volumes below the surface of the sample (range of several μm). As
the result, the average values of stresses weighted by absorption of X-ray radiation are measured. In this
work the stress proﬁles as a function of penetration depth were determined for mechanically polished Al
sample. Measurements and veriﬁcation of the method were performed using classical X-ray diffractometer
and synchrotron radiation with different wavelengths.
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1. Introduction
The geometry based on the multireﬂection grazing incidence
X-ray diffraction (named the MGIXD method) was applied to measure the gradient of residual stresses in surface layers [1–3]. When
the non-symmetrical diffraction, with small incident angle (α), is
used the penetration depth of X ray radiation (limited by absorption)
depends mostly on the long path of incident beam (Fig. 1). However,
to determine stresses it is necessary to measure interplanar spacing
for different orientations of the scattering vector (characterized by
ψ angle). In the case of MGIXD method, the incident angle (α) has
to be constant, therefore the diffraction angle 2θ has to be varied in
order to collect data for different orientations of the scattering vector.
It means, that for the same wavelength we have to measure diffraction peaks for many reﬂections hkl.
The MGIXD method was generalized and applied to measure
in-depth proﬁle of stresses [4,5]. In this aim the equivalent lattice
parameters b a(ϕ, ψ) > {hkl} are calculated from measured interplanar
spacings bd(ϕ,ψ)>hkl. Then the ba(ϕ,ψ)>hkl are expressed by the
macrostresses σ ij and strain free a0 lattice constant [4,6,7]:
h

i

baðϕ; ψÞ>fhklg ¼ F ij ðhkl; ϕ; ψÞσ ij a0 þ a0 ;

ð1Þ
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where
Fij(hkl, ϕ,ψ) are the X-ray stress factors [2], baðϕ; ψÞ>fhklg ¼
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h2 þ k2 þ l2 bdðϕ; ψÞ>fhklg for cubic crystals, ψ is the angle between
scattering vector and normal to the surface, and ϕ is the angle between measuring direction and direction along which the principal
component σ 11 is deﬁned.
In order to determine stresses, the σ ij components of stress tensor
and strain free a0 lattice constant are treated as adjusting parameters
in the least square procedure in which theoretical b a(ϕ, ψ) > {hkl}
values are ﬁtted to the experimental ones [4,6,7].
The grazing incidence X-ray diffraction is a non-destructive method
which allows us to perform an analysis of the heterogeneous stress ﬁeld
for different volumes below the surface of the sample. In case of α ≫ αcr,
the effective penetration depth is expressed by the formula:
0

1−1
μ
μ

A
τ¼@
þ
sinα sin 2θ
fhklg −α

ð2Þ

where α and θ angles are deﬁned in Fig. 1, while αcr is the critical angle
for total external reﬂection [3,8].
It was veriﬁed that the above approximation is fulﬁlled for all
results presented in this work.
We obtain from measurements the mean stresses σ ij ðτ Þ, weighted
with absorption factor:
∞

−z=τ

σ ij ðτ Þ ¼ ∫ e
0

∞

−z=τ

σ ij ðzÞdz= ∫ e
0

dz

ð3Þ

Fig. 1. Geometry of MGID method. The incidence angle α is ﬁxed during measurement,
while the orientation of the scattering vector is characterized by the angle ψ (where
ψ{hkl} = θ{hkl} − α).

where τ is the penetration depth given by Eq. (2), while z is the real
depth under the surface.
By using a long incident beam path for small α angle, the above
equation can be simpliﬁed, i.e.: τ = (sin α)/μ, where τ does not depend
on the θ (or ψ angle) and consequently the value of τ characterizing
penetration depth is almost constant during stress measurement for
a given incidence angle α. The dependence of effective penetration
depth calculated from Eq. (2) for MGIXD geometry is shown in Fig. 2a.
It can be seen that almost constant value of τ was found for a wide
range of ψ angle varied during stress measurements. Moreover, the
penetration depth can be changed by appropriate selection of α angle
in order to investigate materials in different depths below the sample

a)

b)

Fig. 2. The penetration depth (τ) vs. sin2ψ of X-rays in Al sample for different incidence
angles and constant wavelength λ = 1.54056 (a), and the dependence of τ vs. α for
three different wavelengths used in the experiment (b). Calculations were performed
for MGIXD geometry according to Eq. (2) (α ≫ αcr = 0.23°).

surface (order of μm or even less than 1 μm). This gives a possibility to
measure a stress gradient under the sample surface. The range of the
penetration depth depends on the absorption of the used X-ray radiation in the studied material and on the incidence angle α, usually varied
between 3° and 20° (Fig. 2a). For α angle below the lower limit the measurements are difﬁcult because of surface unevenness and also signiﬁcant
experimental errors which cannot be easily eliminated (for example signiﬁcant peak shift due to refraction effect), while above the upper limit
the available range of ψ=θ–α angle is too small to determine stress
from the measured equivalent lattice parameters b a(ϕ,ψ)> {hkl}. Finally,
the range of studied penetration depth can be selected choosing appropriate wavelength (energy) of the X-ray radiation, which determines
the absorption in the studied material.
Although the MGIXD method is used from many years [5–7] it still
needs veriﬁcation and analysis of uncertainty reasons. This is the aim
of this work.
2. Measurements and analysis
The advantages of synchrotron radiation are certainly its perfect
collimation, monochromatization, high intensity and possibility of
wavelength variation. Recently, synchrotron radiation (G3 beamline,
DESY, Hamburg) was applied to measure the in-depth variation using
the developed single reﬂection GIXD methods [9]. In the present work
we have applied the MGIXD (multiple reﬂections) method on the
same beamline. The aims of this work are veriﬁcation of the MGIXD
method by measurements with different wavelengths (synchrotron radiation) and comparison between results obtained using synchrotron
radiation and standard laboratory diffractometer. For a given wavelength the penetration depth changes with the incidence angle (α), as
shown in Fig. 1. However, using three different wavelengths we can
ﬁnd three corresponding incidence angles (α) for which the penetration depth is the same (see horizontal lines in Fig. 2b). The important
question, verifying our methodology, is whether the same stresses are
determined for such combination of wavelengths and incident angles.
In our experiment the Al2017 sample (aluminum alloy: 4.3% Cu,
0.4% Si, 0.7% Fe, 0.6% Mn, 0.6% Mg, 0.25% Zn, 0.1% Cr, 0.15% Ti, Al balance)
having a surface of 1 cm× 3.6 cm was studied. The material was recrystallized (initial mean grain size 120 μm) and next the surface was
mechanically polished (roughness Ra = 0.35 μm) in order to introduce
stress gradient. This specimen exhibits low crystal anisotropy (Zener
factor A = 1.2) and random crystallographic texture (checked using
X-ray diffraction).
At ﬁrst, the MGIXD method was applied on the X-Pert Philips
X-ray laboratory diffractometer (Cu Kα radiation, wavelength λ =
1.54056 Å) equipped with a Göbel mirror (divergence: 0.02° in the
incident beam optics), parallel-plate collimator (divergence: 0.27°)
and ﬂat graphite monochromator placed in front of proportional
punctual detector. Next, the measurements were performed using a
synchrotron radiation at G3 beamline at the DORIS III storage ring.
In this case the parallel-plate collimator and scintillation detector
were also used in the secondary beam optics, while the incident
beam was monocromatized by Ge double-crystal and the higher harmonics were suppressed by gold mirror [10]. Both experimental
setups ensure a parallel beam conﬁguration minimizing effect of
peak position shift due to the sample displacement and defocusing.
This conﬁguration is usually applied in the grazing incidence method.
In the analysis of experimental data the diffraction peaks were
corrected for the absorption, Lorentz-polarization [11,12] and reﬂection effects [8]. It was found that the refraction correction was important
only for the incident angles α lower than 5°, while other corrections did
not change signiﬁcantly the values of the determined stresses.
The experimental setup was tested on the Al and LaB6 stress-free
powder samples. The reproducibility of the MGIXD method was
checked repeating measurements for different powder specimens.
Example results for two Al-powders measured on X-Pert Philips

diffractometer will be shown together with the results for the
polished sample in Fig. 4. It was found that maximum value of determined ﬁctitious stress in Al-powders is between 0 and −15 MPa. This
value can be considered as the uncertainty of measurements arising
from misalignments of the diffractometer and sample position.
From our experiences with powder samples and also from theoretical
analysis we can also conclude that the most important source of systematic error is caused by the shift of 2θ zero value. Misalignment of
the diffractometer equal Δ2θ = 0.01° leads to ﬁctitious stress of about
10–15 MPa determined for Al stress-free powder. However, this error
can be minimized by careful alignment of the diffractometer or the
results obtained for the studied sample can be corrected using powder diffraction data.
The b a(ϕ,ψ)> {hkl} parameters were determined in function of sin2ψ
plots using different reﬂections hkl for the polished Al2017 sample
(Fig. 3). In the case of synchrotron radiation the combination of different
wavelengths (λ1 =0.12527 nm, λ2 =0.15419 nm and λ3 =0.17512 nm)
and appropriate incidence angles α allowed to perform three or two
stress measurements for the same penetration depth (conditions are
given by intersections of the horizontal lines with τ vs. α plots in
Fig. 2b). Using our ﬁtting procedure (based on Eq. (1)) the σ 11 stress
was determined for different penetration depths τ (Fig. 4). The statistical
uncertainties of the measured stresses obtained from the least square
method (Eq. (1)) are shown using the error bar. In the analysis of experimental data, σ 33 ¼ 0 and σ 22 ¼ σ 11 were assumed for the components
of stress tensor. The latter assumption was veriﬁed with X-Pert diffractometer by measuring b a(ϕ, ψ) > {hkl} vs. sin 2ψ plots for two perpendicular directions (the measured components σ 11 and σ 22 where
approximately equal for all studied penetration depths).

a)

b)

Fig. 4. Experimental σ 11 stress in function of penetration depth τ for polished Al2017
sample and Al powder. Results obtained from laboratory diffractometer (Cu Kα-radiation)
and using synchrotron radiation with three different wavelengths are compared.

3. Discussion and conclusions
The b a(ϕ, ψ) > {hkl} vs. sin 2ψ plots obtained for the Al2017 polished
sample (Fig. 3) show a good agreement between results obtained using
laboratory diffractometer and synchrotron radiation. In spite of different reﬂections hkl, different incident angles α and different wavelengths λ used in synchrotron experiment, very similar b a(ϕ, ψ) > {hkl}
vs. sin2ψ plots were obtained, when the measurements were performed
for the same depth τ. Therefore the correlation between measured
lattice strains and penetration depth was conﬁrmed. Moreover, the difference between b a(ϕ, ψ) > {hkl} vs. sin2ψ plots for different τ indicates
strain variation in function of the depth.
Analysis of experimental data clearly shows that the differences
between b a(ϕ, ψ) > {hkl} vs. sin 2ψ plots measured at different depths
are caused by a stress gradient. In Fig. 4 the in-depth variation of determined σ 11 stress is presented. As expected, a compressive plane
stress decreasing with depth was introduced by plastic deformation
of the sample surface during mechanical polishing. Comparison of
the σ 11 ðτ Þ proﬁles conﬁrms a very good accordance between results
obtained using different wavelengths of synchrotron radiation. What
is more, these results perfectly agree with σ 11 ðτÞ proﬁle measured
using laboratory diffractometer. It should be stated that synchrotron
radiation enabled to increase the range of penetration depth (2.5–
32 μm) in comparison with classical diffractometer (3–18 μm).
The main sources of uncertainties were studied using the stress
free powder samples (this test must be always performed before measurements). It was found that parallel conﬁguration of the diffractometer minimizes the sample misalignment error but special attention
should be paid to the accurate alignment of the diffractometer (especially 2θ angle).
In conclusion, it should be stated that the results obtained in this
work verify positively the MGIXD method. What is more, almost the
same results with similar accuracy were obtained using a laboratory
diffractometer equipped with a Göbel mirror and the synchrotron radiation. The advantage of the synchrotron radiation is that the range
of studied depth was increased but this problem can be also partly
overcome using different X-ray tubes at a classical diffractometer.
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Fig. 3. Measured lattice parameters b a(ϕ, ψ) > {hkl} (points) and theoretical results of
ﬁtting (continuous lines) vs. sin2ψ for polished Al samples. Results of grazing incidence
method obtained from classical diffractometer (a) and from synchrotron radiation
(b) are presented. The plots are shown for the penetration depth τ = 3.48 μm.
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