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Abstract Laboratory X-ray diffraction is commonly used for surface residual stresses 

determination. Nevertheless, the in-depth residual stress gradient also needs to be known. Chemical 

or electro-polishing method is generally used for material removal. However, material removal may 

seek a new equilibrium and stress field may change in such a way that experimental residual stress 

values must be corrected. Different methods exist to account for the residual stress relaxation 

associated with the material removal operation and will be discussed in this paper.  

1. Introduction 

X-ray diffraction allows determining residuals stresses in surface. When we need to know stress 

gradients in depth, we have to use electropolishing layer removal. After this operation, material 

seeks a new equilibrium, stress fields change and then stress measurements must be corrected. 

Strangely, few articles talk about the subject in the literature. The first one is the well-known Moore 

& Evans theory [1]. The second one is the Pedersen & Hansson theory [2] and recently the Savaria-

Bridier-Bocher theory [3]. 

In the following article, we will firstly expose a review of these different theories with a 

modification of the Pedersen-Hansson theory motivated by ours experiments.  Then, we will 

compare theoretical/experimental results obtained on ladders. To finish, we will put side by side 

results obtained with the three different theories and results obtained thanks to the experiment. 

2. Review on residual stress relaxation associated with the material removal operation 

1.1 Moore-Evans theory [2] 

Moore & Evans’ works were published in 1958. This method is the most used nowadays in the 

industry because it allows easy and fact results correction from X-ray diffraction method. 

Moreover, this method is recommended in the SAE HS-784 2003 standard. The theory is based on 

the following analytical formula which is easily computed:  
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Where z is the thickness of the plate, and z1 the distance from the lower surface to the point of 

interest. 

1.2 Pedersen-Hansson theory and modification [2]  

a. Initial theory reminder 

After Moore & Evans work, two Danish researchers used Finite Element Method (FEM) at the end 

of the 80’s in order to simulate a material removal neither for an entire layer but only for a groove. 

Figure 1 shows a schematic drawing used for the FE simulation. It is a block of 200x100x100mm3 

with a symmetrical groove in the center. With the symmetry, it is considered only half of the block. 

The applied stress is considered as linear on the thickness.  
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Fig.1 Schematic drawing of material removal in a block of 200x100x100mm3. 

Pedersen and Hansson compare the correction in per cent to add to the residual stress measurement 

in function of the material removal depth.  

 

b. Theory modification 

In our case, some changes have been made to take into account a more realistic geometry of 

material removal. Experimentally we use an electropolishing machine to remove a square or 

rectangle shape of few cm² (between 1 and 5 cm²) of material. The X-ray analyses are always 

carried out at the center of the removed shape.  

Then, concerning the electropolishing profile, Figure 2 illustrates the shape of the bottom of the 

groove considering an angle different to 90°. This is pertinent if the attack depth and the attack 

width are in the same units or same scales. In our case, it is not the case as presented in Figure 3. 

The attack width is roughly 15mm whilst the attack depth is 100 µm. So, the depth attack is too tiny 

compare to the width attack to have an influence. The shape of the bottom for our model is 

considered with an angle equal to 90°.  

In terms of boundary conditions, it has been decided to keep the same boundary conditions than 

Pedersen et al. which are linear stresses profile on the thickness from 0 to +100MPa. 

 

 

Fig.2 Zoom at the bottom of the groove used by Pedersen et al. [2] 

1.3 Savaria-Bridier-Bocher theory [3] 

Savaria et al. published in June 2012 in the International Journal of Mechanical Sciences and 

developed a theory to take into account the stress relaxation in a tube. 

In their theory, different calculation assumptions are used: Relaxation is elastic; no plasticity is 

introduced by residual stress relaxation/redistribution during removal layers. 

- Removal layers technique do not introduced new residual stress. 

- Residual stresses in the material are considered as uniforms on the entire specimen surface. 

- Residual stresses in the material are considered as uniforms on the entire layer. 

- Specimen and removal window geometry corresponding to material removal are the same 

for the simulation and the experimental part. 

Applied 

stress 

Removed material 
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- Stresses are uncoupled; it means that the relaxation and redistribution in one direction are 

only affected by previous stresses removed in that same direction.   

As for the authors, the correction depends strictly on both factors below: 

- the geometry (specimen and removed layer) 

- the magnitude of previously removed stress in the direction of interest. 

The authors claims that local stress variation observed at a depth d after a material removal step s is: 

(∆σd)s = (σd)s - (σd)s-1 = - Kdsσms.           (2) 

With Kds the correction coefficient at depth d associated to a material removal step s (this 

coefficient is not the same in all stresses directions and must be re-calculate regardless of each 

direction), (∆σd)s - (∆σd)s-1 are stresses in a direction at a depth d after material removals s and s-1. 

σms is the measured stress on the surface of the layer s. 

For all the others depths d, corrected stress σcd are calculated using measured stresses σmd for all the 

previous materials removed. 

σcd = σmd + ∑ 	�
 ∗ σ
�
���

�� .                           (3) 

We can write the previous equation (Eq. 3) in the form of matrix:               

σc = [I + K] σm.                (4) 

With σc and σm are columns matrices containing corrected and measured stresses components σcd et 

σmd for depths from 1 to n. I and K are respectively identity matrix and correction matrix (dimension 

n). 

3. Results and discussion 

3.1 Four point bending test 

To evaluate the stress relaxation induced by material removal, it has been considered to load a 

specimen of 130x15x10mm3. The sample in S690 has suffered a tempered at 550°C during 1 hour 

to remove the initial residual stresses. 

The sample has been checked in the beginning of bending testing and considered as free stress 

sample (see Figure 5). The bending test device allows applying a load of +550MPa on the surface 

monitored by a strain gauge localized in the opposite face of interest for X-ray analyses.  So X-ray 

stress measurements are in compression. The measurement has been made in longitudinal direction 

of the sample. 
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Fig. 5 X-ray analyses on bending bar. 

Polishing with a hydrofluoric acid is made on the sample in bending for each removal layer with a 

metrological control. The sample stays in bending during all removal layer. At each material 

removal, stress analysis is carried out by X-ray diffraction. Table 1 presents the results of 

theoretical stress profile when +550MPa are applied on a face of the sample in flexion in relation 

with the experimental results obtained by X-ray diffraction without correction and with the 3 

methods presented above: Moore Evans, Pedersen-Hansson modified and Savaria et al. Figure 6 

illustrates this table. 

It may be noted that corrected profiles of Moore-Evans theory and Pedersen-Hansson modified are 

closed to the theoretical profile however the Savaria corrected profile do not present enough 

correction. These last results look strange because all assumptions and parameters developed by 

Savaria et al. are in agreement with the experimentation whilst Moore Evans and Pedersen-Hansson 

modified theories present more simplification.   

Table 1 Comparison between theoretical/experimental/corrected profiles 

Depth 

(mm) 

Residual stress - 

Theoretical 

profile (MPa) 

Residual 

stress -

Experimental 

measurements 

(MPa) 

Corrected 

profile (Moore 

Evans theory) 

Corrected 

profile 

(Pedersen-

Hansson 

modified) 

Corrected 

profile 

(Savaria-

Bridier-

Bocher's 

theory) 

0 -550 -510 -510 -510 -510 

0,07 -542,3 -502 -492 -488 -508 

0,09 -540,1 -560 -539 -542 -575 

0,22 -525,8 -531 -490 -484 -537 

0,39 -507,1 -601 -507 -516 -596 

0,58 -486,2 -599 -457 -470 -573 

0,81 -460,9 -633 -430 -449 -599 

1,02 -437,8 -648 -385 -412 -587 
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Fig. 6 Graphical comparison between theoretical/experimental/corrected profiles. 

 

So it may be seen in Figure 6 that the correction of our model which means the modified Pedersen-

Hansson model may be validated. 

 

3.2 Influence of sample dimensions on the correction factor 

First of all, it is interesting to investigate the influence of sample dimensions on the correction 

factor. 

Residual stress profile was obtained by X-ray diffraction with several electropolishing steps on a 

sample with different surface treatments. To evaluate the effect of removal layers on the initial 

profile, 6 geometry of specimen are considered : 

- Block of 200x100x100mm3 

- Block of 200x100x50mm3 

- Block of 200x50x50mm3 

- Block of 200x15x5mm3 

- Sheet of 130x50x2.2mm3 

- Sheet of 130x50x1.8mm3 

- Sheet of 130x50x1.4mm3 

Figure 4 presents the initial profile without correction (analysed profile) and the 6 profiles in 

function of the geometry of the sample for block's correction. The corrections are provided by the 

modified Pederson et al. theory. 

It may be seen that smaller and thinner is the sample, stronger is the correction which is also shown 

by Savaria et al. in their research [3].  

Knowing that the real shape of analyzed sample looks like a big block of 200x100x50mm3, the 

good profile should be used in consequence and in this case, material removal does not influence 

the stress gradient which means that the stress relaxation is not sensible to material removal. 
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Fig.4 Influence of the sample's size. 

4. Conclusions 

It has been seen that the correction depends strongly on the size of the sample. The simulation must 

be as closed as possible to the real shape of the analyzed sample in terms of sample dimension and 

removal layer dimension.  

Automatic program with multiple choices of basic geometry has been made to give easy correction 

profile to the technician in charge of residual stress analyses. 

It seems that the Moore Evans or Pedersen-Hansson modified theories present the best results in 

comparison with the theoretical stress profile however Furthers investigations can be required to 

improve the model: 

- Change the size of the sample.  

- Increase or decrease the initial bending stress Consider service stresses as residual stresses 

but their behavior may be different.  

- Compare the corrected profile with a profile made by synchrotron. 
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