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Abstract: The focus of the contribution is a sketch of the basic principles and characteristics of X-ray 
stress measurement and at the same time an outline of some possibilities for applying this 
experimental technique in materials science and mechanical engineering. The intention of the report is 
to present the limitations of using X-ray diffraction tensometry originating from the principles of 
diffraction phenomenon. Some experience of the X-ray diffraction laboratory of the Czech Technical 
University in Prague with studying of residual stress fields in alloys’ surface layers after laser welding 
of steel sheets will be presented to illustrate the presented subject matter. 
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1. INTRODUCTION 
 
Residual stresses on the surface of polycrystalline materials and beneath it belong among 
the most important parameters of surface quality. Under elastic-plastic deformation, 
individual crystallites are differently deformed and this gives rise to microscopic internal 
stresses, which are accompanied by macroscopic stresses [1, 2]. It has been shown [3] that, 
in general, compressive residual stresses in the material can favourably improve the dynamic 
strength by about 50%; on the other hand, tensile RSs could deteriorate it by about 30%. 
Lately we have been witnessing a growth of interest in the surface qualities of solids. 
However, this fact is not surprising, when we become aware of the fact that any interaction 
with material is being realized over its free surface. Surface layers can influence in a decisive 
way the employment on the whole volume of material. Surface layers are primarily important 
in processes of brittle and fatigue fracture and the like. 
Various surface engineering procedures, as well as many conventional technologies, 
introduce stresses on particular engineering products either intentionally or involuntarily. 
These stresses are confined to shallow surface layers only several micrometres thick. In this 
way, considerable stress gradients may be created which influence significantly the different 
characteristics of the products, sometimes favourably, sometimes detrimentally. There is no 
analytical technique which allows us to evaluate such non-uniform stress fields in a non-
destructive way as efficiently as X-ray diffraction. 
Stress measurement, especially that of residual stresses, represents one of the most wide-
spread and technically important applications of X-ray diffraction. In Czech Countries this 
area of experimental physics has already reached a 75 year old tradition. From the point 
of view of national engineering industry traditionally much attention has been paid to the 
X-ray stress analysis, namely for its capability of reliable and effective checking of metal and 
alloy surface treatment technologies. 
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2. RESIDUAL STRESS CLASSIFICATION 
 
Mechanical stress within an isolated body of which all parts are of the same temperature is 
called residual stress (RS). The internal forces and moments in a body with RS are in a 
mechanical equilibrium. The most generally recognised RS classification is based on the 
extent of acting stress [1, 2]. 
 

 Macroscopic (first-order) residual stresses are approximately homogeneous in a 
macroscopic volume (many crystallites) of the material. Its linear dimensions are at 
least of the order of millimetres. 

 

 Microscopic (second-order) RS are approximately homogeneous in volumes of a 
dimension comparable to the grain size. The force and moment equilibrium is 
supposed even in a great number of crystallites. 

 

 Submicroscopic (third-order) RS are inhomogeneous even in volumes comparable to 
interatomic distances. 

 
State of RS is always a superposition of all the three kinds defined above. Macroscopic RS 
are believed to be the most important from the point of view of industrial applications. 
 
3. BASIC PRINCIPLES AND CHARACTERISTICS OF X RAY STRESS MEASUREMENT 
 
X-ray stress analysis exploits the fact that X-rays are diffracted by crystal lattices. The rays 
being diffracted at adjacent lattice planes interfere with each other and produce an intensity 
maximum if the difference between the path length of the two rays is an integer multiple of 
the employed X-ray wavelength λ. This yields Bragg’s condition for the angular position θ of 
the interference peak: 
 
                           2 sin ,n d            (1) 

 
where d is the distance between the reflecting lattice planes of the type {hkl}. If the crystal is 
under mechanical stress, the lattice plane spacing d is modified with respect to the 
unstressed state. That causes angular displacement of the interference maximum. 
Differentiation of Eq. (1) yields the correlation 
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between the lattice strain ε occurring in the deformed crystal and the angular displacement of 
the interference line (θ – θ0). Here d0 and θ0 stand for the corresponding values of the stress 
free crystal. 
Values of RS are subsequently obtained using relations of elasticity theory with proper elastic 
constants. 
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Figure 1. Deformation of interplanar spacing and shift of the diffraction maximum 

 
X-ray diffraction has some main attributes different from the other experimental techniques 
for stress determination: 

 The investigated specimens have to be of crystalline or partly crystalline structure. 
When multiphase systems are investigated, it is possible to analyse lattice strains of 
each phase component. 

 Diffraction measurements in a thin surface layer are completely non-destructive. The 
destructive X-ray residual stress analysis can be performed by sequentially removing 
surface layers usually by electro-chemical polishing. A correction with respect to the 
occurred stress relaxation should be involved in the evaluation procedure. 

 As mentioned above, macroscopic residual stress determination is based on angular 
shift of diffraction lines. Homogeneous microscopic stresses can result in a 
symmetrical broadening of diffraction lines. X-ray diffraction method enables to study 
these two kinds of residual stresses separately. 

 Stress interpretation of diffraction diagrams exploits evaluation of diffraction line 
(profile) parameters. The method, therefore, can be used only for materials whose 
diffraction peaks are not too diffuse. Accuracy and reliability of the method decrease 
in large grain size objects and textured materials. 

Although the principle of stress measurement, “what the elongation is like, such is the force” 
was formulated by Hooke’s law in 1678, its diffraction interpretation was realized only 250 
years later. The oldest information about the diffraction research on changes induced in solid 
state substance structure by exterior forces came from Sankt Petersburg, where shortly after 
World War 1 (1913 - 1924) Joffe and Kirpicheva used Laue’s method for studying elastic 
constants [4] and for assessing the anisotropy of temperature dependence on the elastic limit 
in monocrystals of NaCl, CaSO, and in some natural minerals [5]. In polycrystalline materials 
the primacy in this area of experimental physics is shared between two Americans, 
H.H.Lester and R.H Aborn, who in 1925 measured the lattice strain of a-Fe crystallites in an 
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elastically deformed steel sample using the Debye-Scherrer method: the interplanar 
distances change linearly with the stress [6]. 
In Czechoslovakia, the first measurements of residual stress by means of X-rays were 
probably performed by A. Kochanovská in 1936. She investigated the origin of cracking in 
the cover of shells. This research was of military character and therefore its results could not 
be published. Between 1937 and 1939 the Czech physicist P. Skulari paid attention to X-ray 
stress analysis of forged aluminium, to head treated iron and steel, and to residual stress 
non-homogeneities near welded seams. Kochanovská and Skulari are credited with 
introducing diffraction stress analysis in X-ray laboratories of Czechoslovak universities as 
well as research institutes. 
At present X-ray diffraction for residual stress investigation is used in several Czech 
laboratories. However, the most systematic development in this field of experimental stress 
analysis is concentrated at the Faculty of Nuclear Sciences and Physical Engineering of the 
Czech Technical University in Prague. Following examples of solved problems illustrate the 
recent experience of the laboratory team with applications of X-ray stress measurements in 
materials science and mechanical engineering. 
 
4. RESIDUAL STRESSES IN LASER WELDED STEEL SHEETS 
 
4.1. Laser welding 
 
The cost effectiveness, non-contact character, high degree of automation and the resultant 
good reproducibility make laser welding ever more attractive for automotive and aeronautics. 
Industrial applications of laser welding using high-power diode laser (HPDL) are becoming 
more numerous since the usage of this type of laser was firstly published more than 20 years 
ago [7]. Multiple beam interaction of HPDL and its shorter wavelength in comparison with 
conventional CO2 and Nd:YAG lasers is responsible for smaller heat-affected zone, better 
absorption of the beam energy, fewer cracks and lower porosity or  in general more compact 
microstructure [8]. 
Mapping of surface macroscopic residual stresses in two directions, i.e. parallel and 
perpendicular to the welds, were performed for two bodies. The first contained a weld 
created with the HPDL beam speed of 2 m/min and the second with the speed of 15 m/min. 
Our aim was to compare not only resulting fields of residual stresses, but also to perform 
qualitative assessment of the possible presence of crystallographic texture and gain a 
qualitative apprehension about the grain sizes in the vicinity of a laser weld joining two steel 
sheets. 
 

4.2. Experimental 
 
The analysed bodies were manufactured by welding of two sheets made form S355 steel. 
Power of the HPDL was set to 3.5kW; the speed of welding was 2 m/min and 15 m/min. The 
lengths of the welds were approximately 180 mm. 
Distortions of both bodies were measured in six equidistant points in the direction 
perpendicular to the welds; the obtained values were, thus, 6 angles of deflection.   
The structure of the welds and the adjacent areas of the steel sheets were qualitatively 
characterized by 2D diffraction patterns, or more precisely by Debye rings of {211} planes of 
α-Fe obtained in the backscattering layout of Debye-Scherrer method. 
Surface distributions of macroscopic residual stresses were established perpendicularly to 
the welds in eleven areas mutually shifted by 0.5 mm.  Each analysed area had a rectangular 
shape with dimensions 10 × 0.5 mm2; the longer sides being parallel with the welds. Stresses 
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were determined in the directions parallel with the welds, longitudinal stresses σL, and 
perpendicular as well, transverse stresses σT. 
Biaxial state of stress was assumed and the „sin2ψ“ [9] method used to evaluate both  the 
longitudinal and transverse stresses. The diffraction profile of α-Fe {211} planes was 
measured using filtered CrKα radiation. Maxima of the diffraction profile were used as input 
data for inter-planar lattice spacing’s calculations applying generalised Hooke’s law with 
X-ray elastic constants s1 = –1.25 TPa-1 and ½s2 = 5.76 TPa-1. 
Diffraction measurements were carried out on vertical θ - θ X’Pert PRO MPD diffractometer 
equipped with monocapilary optics in the primary beam, i.e. the beam impinging on the 
analysed sample was pseudo-parallel. Positioning of the measured objects to the coveted 
locations was done by combining versatile positioning system seen in Fig. 1 which with six 
degrees of freedom and laser triangulation for precise surface position determination with 
accuracy of approx. 5 μm. 

 

 
 

Figure 2. In-house designed versatile positioning system  
for XRD analyses of real objects 

 

4.3. Selected results 
 
Prior to the X-ray diffraction analyses of residual stresses by „sin²ψ“ method, diffraction 
patterns capturing  {211} α-Fe Debye rings were obtained. Table 1 shows the selection of 
three patterns: one form the initial state of the steel sheets prior to laser welding and one 
from each object 2 mm far from the welds’ boundaries. The six angles of deflection for each 
object are summarized in Tab. 2.   
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Table 1. Backscatter diffraction patterns with Debye rings of α-Fe {211} planes 

Sample, area 
2 m/min, 2 mm from 
the weld’s boundary 

15 m/min, 2 mm from 
the weld’s boundary 

state prior to laser 
welding 

Diffraction 
pattern 

   
 

 15 m/min

distance from the weld's boundary, mm

0 1 2 3 4 5 6

, 
M

P
a

-400

-200

0

200

400

600

tranverse direction

longitudinal direction

 
 

Figure 3. Surface distribution of residual stresses in the vicinity of the laser weld created with 
the HPDL beam speed of 15 m/min 

 
 

Table 2. Deflection of both analysed bodies in seven equidistant 
points in the direction perpendicular to the welds 

Point 
Deflection of sample 2 

m/min 
Deflection of sample 

15 m/min 

1 –1° 4´ 2° 20´ 

2 –1° 3´ 2° 25´ 

3 –1° 3´ 2° 25´ 

4 –0° 8´ 2° 25´ 

5 –0° 7´ 2° 20´ 

6 –0° 8´ 2° 20´ 
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Figure 4. Surface distribution of residual stresses in the vicinity of the laser weld created with 
the HPDL beam speed of 2 m/min. 

 
4.4. Main conclusions 
 
The structure of the material in the vicinity of welds was suitable for residual stress 
determination by means of XRD. 

 From the comparison of the Debye rings from both samples (Table 1) emerges the 
fact that the structure in the vicinity of the weld created with lower speed 
is distinguished by larger grains of α-Fe. It is, thus, coarser-grained than the areas 
adjacent to the weld done with much higher speed of 15 m/min.  Taking the effect 
of temperature-related phenomena, the performed measurements affirm that laser 
welding with lower beam speed leads to more pronounced heat impact of the 
structure. 

 On the surface of both the objects, anisotropic biaxial state of stress was 
established, i.e. σT ≠ σL. Residual stresses σL in the direction parallel with the welds 
are tensile in all measured areas and decrease in value with larger distance from the 
welds’ boundaries. The decline has monotonous character for the sample 2 m/min, 
but oscillations between neighbouring areas occur in the case of the body with 
15 m/min weld. 

 Whereas character of σL surface distributions is similar, the stresses in perpendicular 
direction to the welds are qualitatively different for both bodies. 

 The stresses σT are within comparatively narrow interval from –70 to –13 MPa for the 
sample 2 m/min which is in stark contrast to the other sample where the stresses rise 
from approx. –300 MPa to approx. 150 MPa within the 1.5 mm wide area fast beside 
the weld’s boundary. 

 Larger distortion of the body with a laser weld is exhibited by the sample 
manufactured with approximately 8 times bigger speed of HPDL beam. This sample 
is in the immediate vicinity characterized by substantial compressive residual stresses 
in the direction perpendicular to the weld. 
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