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A methodology is proposed combining the scattering vector method with energy dispersive diffraction for
the non-destructive determination of stress- and composition-depth profiles. The advantage of the present
method is a relatively short measurement time and avoidance of tedious sublayer removal; the disadvantage
as compared to destructive methods is that depth profiles can only be obtained for depth shallower than half
the layer thickness. The proposed method is applied to an expanded austenite layer on stainless steel and al-
lows the separation of stress, composition and stacking fault density gradients.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Residual stresses are widely and deliberately introduced within
the near surface region of materials to locally modify the mechanical
properties and enhance the component performance with respect to
wear and/or fatigue. Surface engineering associated with tailoring of
the surface properties and residual stress can be achieved by thermal,
chemical or mechanical treatment [1] and yields a functionally graded
material that changes its properties from surface to interior. The
quantification of residual stress-depth profiles to investigate the ef-
fect of the surface engineering treatment can be performed by X-ray
diffraction analysis [2]. This technique relies on the determination of
hkl specific lattice strains for various orientations of the scattering
vector with respect to the sample surface normal combined with an
appropriate grain-interaction model [3]. Numerous factors affect the
so-called X-ray diffraction stress analysis, e.g. grain size, triaxiality
of the stress state and preferred orientation. The evaluation of
stress-depth profiles in functionally graded materials can be
influenced by the stress gradient itself, as well as by other gradients.
Steep residual stress gradients can lead to the so-called ghost stresses,
i.e. systematic errors inherent to the applied measurement and/or
evaluation procedure, if no precautions are taken.

When superimposition of composition and stress gradients occurs,
such as for a composition-induced stress gradient, stress evaluation

over the information depth also depends on composition, because
the reference spacing is composition dependent. This can lead to dra-
matic ghost stresses if not taken into account during data acquisition
and evaluation [4,5].

Among the various techniques developed for non-destructive
depth resolved stress determination [3,6–9], energy-dispersive dif-
fractionmethods, using white radiation, give some advantages associ-
ated with multiple reflections recorded in one energy spectrum and
deeper information depths [10–13]. Stress-induced errors can effec-
tively be avoided combining a modified multi-wavelength approach
with the sin 2ψ method or the scattering vector method [14]. In [15]
it was shown that the energy-dispersive method can be applied
even to the detection of very steep in-plane residual stress gradients
in surface treated hard coatings, if the information depth is adapted
to the steepness of the gradient. However, for a composition-
induced (self-induced) stress gradient, the ‘optimisation procedure’
developed for the scattering vector method cannot be applied
straightforwardly, because the lattice spacing in the strain-free direc-
tion varies with the information depth. Instead a sin 2ψ-based ap-
proach should be considered, where sin 2ψ dependencies at pre-
chosen information depths are evaluated by interpolation among
the experimental data. The reference lattice parameter for the appro-
priate information depth follows from interpolation among the data
in the strain free direction or from independent spectroscopic analy-
sis and knowledge of the relation between lattice parameter and
composition.

This work deals with the evaluation of residual stress by means of
non-destructive energy-dispersive diffraction under the influence of
steep stress- and composition gradients. Steep superimposed mul-
tigradients arise after low temperature thermochemical surface treat-
ments of stainless steel [16]. Such treatments (nitriding, carburising
or nitrocarburising) give rise to the formation of a surface zone of
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so-called expanded austenite which essentially is a solid solution of
colossal amounts of interstitials (carbon and/or nitrogen) in the aus-
tenite lattice. This results in biaxial compressive residual stresses of
several GPa's that find their origin in the lattice misfit between the
expanded austenite “case” and the untreated core [16,17].

2. Non destructive depth profiling with energy-dispersive X-ray
stress analysis

X-ray stress analysis is based on the lattice strain measurement ε-
φψ

hkl experienced by a set of lattice planes {hkl} in a given direction
defined by the azimuth, φ, and inclination, ψ, with respect to the sam-
ple surface normal (Fig. 1):

εhklφψ ¼ dhklφψ

dhklo

−1 ð1Þ

where do
hkl is the unstrained lattice spacing.

In energy-dispersive diffraction using a white beam, measure-
ments are carried out for fixed and predetermined diffraction and
scattering angles. The Bragg equation then takes the following form:

dhkl ¼ hc
2 sinθ

1
Ehkl

ð2Þ

where 2θ is the scattering angle, h is Planck's constant, c is the veloc-
ity of light and Ehkl is the energy for which diffraction of the hkl lattice
planes occurs.

Introducing Eq. (2) in Eq. (1) gives the lattice strain εφψhkl in the
measuring direction defined by φ and ψ as:

εhklφψ ¼ Ehklo

Ehklφψ

−1 ð3Þ

where Eo
hkl corresponds to the unstrained lattice spacing do

hkl.For sur-
face engineered quasi-isotropic polycrystalline materials usually a
state of rotationally symmetric biaxial stress (σ13=σ23=σ33=0
and σ11=σ22=σ//) can be assumed, leading to:

εhklψ zð Þ ¼ 2Shkl1 σ == zð Þ þ 1
2
Shkl2 σ == zð Þ sin2ψ ð4Þ

where S1hkl and 1/2S2hkl are diffraction elastic constants, depending on
the crystal orientation hkl and elastic interaction among the crystals.
The lattice spacing, 〈dψhkl〉 (or equivalently the energy at which diffrac-
tion occurs) determined in an X-ray diffraction experiment for a

sample (or layer) of thickness, t, is the diffracted intensity-weighted
average over depth, z, i.e.:

dhklψ

D E
¼ ∫t

0d
hkl
ψ zð Þ exp −μ Eð Þkzf gdz
∫t
0 exp −μ Eð Þkzf gdz

ð5aÞ

where, for measurement in reflection geometry (as practised in the
present work)

k ¼ 2 sinθ cosψ
sin2θ− sin2ψþ cos2θ sin2ψ sin2η

ð5bÞ

describes the diffraction geometry, μ(E) is the linear absorption coef-
ficient which, for a homogeneous layer, depends on the photon ener-
gy and η denotes the rotation angle around the scattering vector, g

→
φψ

(Fig. 1). For completeness it is mentioned that μ(E) depends on com-
position. This second order effect is not considered here.2 Hence, it is
obtained for the lattice strain, averaged over the diffracting volume,
〈εψhkl〉 :

εhklψ

D E
¼ ∫t

0d
hkl
ψ zð Þ exp −μ Eð Þkzf gdz

∫t
0d

hkl
o zð Þ exp −μ Eð Þkzf gdz

−1 ð6Þ

Note that these equations are only valid for the case where the
studied layers are well within the gauge volume. From Eq.(6) it is ob-
served that the lattice strain evaluated for experimental lattice spac-
ings has to be evaluated from strained and unconstrained lattice
spacings weighted over the same depth range. This lattice strain can
be assigned to the information depth, τ:

τ Eð Þ ¼ zh i ¼ ∫t
0z⋅ exp −μ Eð Þkzf gdz
∫t
0 exp −μ Eð Þkzf gdz

¼ 1
μ Eð Þkþ t

exp −μ Eð Þktf g
exp −μ Eð Þktf g−1

ð7Þ

Note that the information depth in a layer is maximally t/2 for the
case where the layer can be considered infinitely thin as compared to
the penetration of the X-rays.3 For an infinitely thick layer the infor-
mation depth equals 1/[μ(E)k], which for the present case amounts
to 27 μm. It is important to realise that, in general, 〈dψhkl〉 and 〈do

hkl〉

are not experimentally determined at the same information depth,
because the strain-free lattice spacing applies only for one specific
value for ψ (and thus τ), the so-called strain-free direction, ψo, de-

fined by sin2ψo ¼ − 2Shkl1
1
2S

hkl
2

(as obtained by equating Eq. (4) to zero).

Consequently, application of Eq. (6) requires that a value for 〈do
hkl〉

at τψ is obtained by interpolation among the experimentally deter-
mined strain-free lattice spacing-depth profile 〈do

hkl(z)〉.
In the case of stress-depth profiling, various methods have been

developed, based on either successive layer removal (destructive
methods) or assigning the evaluated data to a depth below the sur-
face (non-destructive methods). According to Eqs. (7) and (5b) for a
fixed value of θ the information depth can be varied by variation of
the angles ψ and η or, for energy dispersive analysis, by selecting an-
other energy E where diffraction occurs. In the present work the scat-
tering vector method (varying η and ψ) and the multi-wavelength
method (varying E and ψ) are combined for non-destructive depth
profiling of the composition, stress and stacking fault probability in
low temperature hardened stainless steel.

Fig. 1. Diffraction geometries in X-ray stress analysis from [17]. η denotes the rotation
of the sample around the scattering vector g

→
φψ for a fixed measuring direction (φ,ψ)

with respect to the sample system P. PB and SB denote primary and secondary
(diffracted) beam.

2 For the present case where a layer of expanded austenite on stainless steel is con-
sidered, the error in assuming μ(E) independent of depth (i.e. a homogeneous layer)
lies in the range 3.94 to 4.39% for a composition ranging from yN=0.30 to yN=0.50
(cf. Fig. 4).

3 For ‘Real space’ method, the measuring depths are not limited to t/2 since the
gauge volume is used to define the observed volume.
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