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Abstract. Two different grades of steel sheets were selected in order to weld. The 
welding line direction (WD) was perpendicular to the rolling direction (RD). The 
sheets were welded using Gas Tungsten Arc Welding (GTAW) and Plasma as the 
welding techniques, in a butt joint configuration.  
 Stress measurements were monitored in the surface and the bulk of the welded 
samples using X-ray Bragg-Brentano and neutron diffraction methods respectively. 
Due to the shallow penetration depth of the X-rays into most metallic materials, the 
stress state is usually assumed to be biaxial (surface) in XRD measurements. On the 
other hand, the neutron diffraction method provides evaluation of the residual stress 
through the material’s thickness (bulk). Both of them can be applied either in metallic 
or non-metallic material and require highly trained scientific personnel for the 
evaluation of the results. The utility of these methods is limited to laboratory scale 
and the calibration of the diffractometer has to be precise, while the implementation 
of the methods is, in general, time consuming. 

Introduction  

Residual stresses or lattice distortions result in the rearrangement of both grains and magnetic 
domains [1-10]. Ferromagnetic steels are widely used in many applications: pipelines, 
nuclear reactors, transformers, structural and automotive gas industries and so on. Their 
performance can be affected by the presence of internal stresses, called residual stresses. 
These stresses are added to any incurring external applied stress, affecting a material’s 
properties. Therefore, the role of residual stresses in a material’s resulting stress state must 
be evaluated, in order to effectively monitor the health of the steel structure. A considerable 
amount of residual stresses is introduced during the welding process, due to the degradation 
of the mechanical properties of the joints [11-12].  

Several studies have been published to describe the utilization of various semi- and 
non-destructive techniques in measuring residual stresses, such as X-ray and neutron 
diffraction [11-15]. Due to the shallow penetration depth of the X-rays into most metallic 
materials, the stress state is usually assumed to be biaxial (surface) in XRD measurements. 
On the other hand, the neutron diffraction method provides evaluation of the residual stress 
through the material’s thickness (bulk). 
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As far as the advantages of the aforementioned methods are concerned, both X-ray 
(the most widely used technique for residual stress evaluation) and neutron diffraction can 
be applied either in metallic or non-metallic material. However, these methods are also 
characterized by important disadvantages and physical limitations. The XRD method for 
example, requires highly trained scientific personnel for the evaluation of the results. Second, 
the sample needs a special treatment prior to application of the method. The calibration of 
the diffractometer has to be precise too and the implementation of the method is, in general, 
time consuming. The neutron diffraction method has the same disadvantages and 
additionally, it is a rather expensive technique and its utilization is limited only to laboratory 
scale. 

In the present work, stress measurements were monitored in the surface and the bulk 
of two different welded samples using X-ray Bragg-Brentano and neutron diffraction 
methods respectively. 

1. Material and Experimental Procedure 

Two commercially produced ferromagnetic steels were considered in this study: a low carbon 
steel (AISI 1008) and a micro-alloyed carbon steel (AISI 4130). These three steels are 
representative of typical steel microstructures obtained through different alloying and 
thermo-mechanical processes and have distinct differences in their strain hardening 
behaviour. The chemical compositions and dimensions of the examined samples are listed in 
Tables 1-2, respectively. 

 
Table 1. Typical chemical composition in wt% of commercial ferromagnetic steels. 

steel C Si Mn Cu P S Ni Cr Mo Fe 
AISI 1008 0.063 0.181 0.528 0.047 0.028 0.012 0.018 0.016 0.014 Balanced 
AISI 4130 0.31 0.28 0.57 - 0.020 0.020 - 0.93 0.19 Balanced 

 
Two identical sheets of each grade of steel were welded together in a butt joint 

configuration, with the welding line oriented perpendicular to the rolling direction, in order 
to minimize the material’s formability parameter in the residual stress distribution. The sheets 
were welded using Gas Tungsten Arc Welding (GTAW) and Plasma as the welding 
techniques. The welding parameters (Table 3) were carefully selected in order to assure full 
penetration welds free of defects, such as porosity and cracking.  

 
Table 2. Dimensions of commercial ferromagnetic steels. 

steel Length (mm) Width (mm) Thickness (mm) 
AISI 1008 80 200 15 
AISI 4130 80 200 25 

 

Table 3. Welding parameters 
Welding technique GTAW Plasma 

Weld Voltage (V) 15 15 
Weld Current (A) 85-90 85 

Weld Speed (m/min) ~ 0.18 ~ 0.18 
Type of weld passes Single pass Single pass 

Efficiency 0.8 0.6 
Heat Input (kJ ∙ cm-1) 4.3 2.6 

Argon supply (l/min) 18 18 
 

Residual stresses were then determined using two different diffraction methods: 
XRD-BB and neutron diffraction. Due to the shallow penetration depth of the X-rays into 
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most metallic materials, the stress state is usually assumed to be biaxial (surface) in XRD 
measurements. On the other hand, the neutron diffraction method provides evaluation of the 
residual stress through the material’s thickness (bulk).  

XRD stress measurements are based on the determination of strain by measuring the 
shifting of the crystal lattice angles with respect to specific lattice planes [16-17]. In practice, 
the position of a diffraction peak was recorded under various orientations of the sample 
relative to the incident X-ray beam. From this position, the lattice spacing in different 
directions and the related elastic strain were determined. The residual stress value was 
calculated from the slope of the dφψ - sin2ψ plot (Fig. 1). As it can be clearly seen, the residual 
stresses were evaluated through a specific, pre-defined procedure, including the measurement 
of the interplanar lattice spacing and the final calculation of the residual stress. In order to 
evaluate the stress state of the examined sample, the d0 must be determined in every stress 
level. The displacement from the stress-free condition is not monotonically characterized by 
a specific stress level, thus a calibration procedure, such as followed in the MBN method is 
not reliable. In this study, Cr Kα1 radiation scanned ferrite {100} planes at 2θ = 65ο. Totally 
11 tilt angles, varying from −45o to +45o, were recorded. In order to ensure a regularly shaped 
diffraction peak, 5o ψ-oscillation and three 1o φ-rotations were employed.  

 

 
Fig. 1. Determination of surface residual stresses with the XRD method. 

 
With the neutron diffraction technique, small changes in lattice spacing give rise to a 

change (shift) in the angular position θ of the measured Bragg reflection; shift from which 
the lattice strain value can be derived. In order to measure strain in a certain direction, the 
sample was placed so that the bisector between the incident and the diffracted neutron beam 
coincided with that direction. The examined welded sample was placed in such a way so as 
to measure transverse strain (in plane perpendicular to the welded direction), longitudinal 
strain (parallel to the welded direction) and normal strain (in the normal direction of the 
surface) in the weld toe vicinity. By reorienting the sample, strain values were obtained in 
the three principal directions. Then, the residual stresses were calculated using a suitable 
mathematical relationship (Fig. 2). The parameters of choice in the neutron diffractometer 
were: 2θ = 65ο, corresponding to the (110) crystallographic plane of the ferrite, Young’s 
modulus E = 225.5 GPa and Poisson’s ratio ν = 0.28.  
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Fig. 2. Determination of bulk residual stresses with the neutron diffraction method. 

2. Experimental results 

The residual stress distribution determined by the diffraction methods had a peak-and-valley 
shape (Fig. 3-4). It was evident that stress was non-uniformly distributed across the welding 
zones since the welding procedure itself introduced high heat input to the metal and as a 
result, non-uniform heat distribution and plastic deformation occurred. The results (Fig. 3) 
revealed that the dominant mechanism during residual stress formation was the shrinkage 
process. This process evoked tensile stresses across the welding zones due to rapid heating 
and subsequent cooling. The tensile stresses in the fusion were counterbalanced by the 
compressive ones in the base metal. In the latter zone, no sharp variations in residual stress 
values were depicted. Moreover, both tensile and compressive stresses coexisted in the heat 
affected zones. Stress decrement close to the heat affected zones was due to grain coarsening.  

 

 

(a) 
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Fig. 3. XRD results of the residual stress measurements in (a) TIG and (b) Plasma welded samples. 

 

 

(b) 

(a) 
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Fig. 4. ND results of the residual stress measurements in (a) TIG and (b) Plasma welded samples. 

 
 

It was concluded that both methods followed similar trend. However, the residual 
stresses, determined with the neutron diffraction method, presented deviations from the 
results of the XRD method. This was attributed to the different penetration depth of each 
method (the neutron beam was penetrating the whole thickness of the steel) of the examined 
welded materials. 

4. Conclusions  

In each welding region a distinct residual stress pattern had been developed. Rapid heating 
and subsequent cooling of the specimens led to shrinkage of highly heated areas, resulting in 
the appearance of tensile stresses, thus suggesting that the dominant source of the residual 
stress was the non-uniform heat distribution on the welded surface. 

In the present work, stress measurements were monitored in the surface and the bulk 
of two different welded samples using X-ray Bragg-Brentano and neutron diffraction 
methods respectively. The utility of these methods is limited to laboratory scale and the 
calibration of the diffractometer has to be precise, while the implementation of the methods 
is, in g, time consuming. 

In general, the residual stress determined by the XRD method was in good agreement 
with the ND results. In contrast to the XRD method, the NB technique provides evaluation 
of the residual stress through the material’s thickness.   
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