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X-ray Diffraction with the New Cos-α-method to Determine 

(Residual) Dtresses 
 

Eckehard Mueller 

 

Abstract  

 
For many years, the sin2ψ-method has been established to determine 

residual stresses by X-ray diffraction. With upcoming new area detector for 

X-rays, a full Debye-Scherrer ring can be detected at the same time. Having 

residual stresses in a component the Debye-Scherrer ring shifts a little bit 

and is also a little bit deformed. Due to these two facts, the normal stress 

and the shear stress can be calculated. This method is called the cos-α-

method. By making four measurements in different direction the whole 

matrix can be determined in a minimum of time. For a 2 mm aperture, the 

measuring time (X-ray on) is 5 to 10 seconds for steel. Looking at variations 

of the intensity on the ring, it can be seen if there are texture and coarse 

grain. The cos-α-method is fully compatible with the sin
2
ψ-method but 

giving more information in one measurement. It is also easy to measure at 

big components like driving shafts for railways, roller bearing for cranes, 

etc. because the device is relatively small. Also, retained austenite can be 

measured with this new equipment coming from the company pulstec in 

Japan and is called µ-X360s. The intensity of both different rings is 

compared to calculate the amount of retained austenite. An overview can be 

given, and new results can be presented. 

 

Keywords: normal stress, shear stress, cos-α-method, measurement, X-ray 

diffraction 
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Introduction 

 

The durability of components under dynamic load is often an essential 

question. The material properties are one important fact for construction. One 

basic question that cannot be answered in advance, is the distribution of residual 

stresses in the component. This may cause unexpected cracks that drastically 

reduce the fatigue life. X-ray diffraction is a relatively quick method to 

determine residual stresses. At the surface the method is non-destructive. With 

a new generation of detectors, new possibilities are given. A new method the 

so-called cos-α-method has been established that is shown in this publication. 

 

 

Basics 

 

X-ray diffraction is based on the Bragg’s reflection (Figure 1). At the 

different atomic layers, the X-rays are reflected and under a certain angle, 

constructive interference is obtained. With the help of the wavelength λ and the 

angle θ the distance d of the atomic layers can be calculated (Kittel 2018). The 

formula is:  

 

λ=2 d sin θ                                  (1) 

 

Figure 1. Bragg’s Reflection  

 
Source: https://de.universaldenker.org/illustrationen/624. 

 

If there is a polycrystalline structure in every direction the X-rays are 

reflected and the so-called Debye-Scherrer ring occurs (Figure 2). If different 

atomic layers fit the wavelength of the X-rays several rings appear with 

different radius. This mechanism also works if the x-rays are backscattered. 

This situation is normally used by x-ray diffraction for determining (residual) 

stresses. 
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Figure 2. Debye-Scherrer Method  

 
Source: adapted from https://commons.wikimedia.org/w/index.php?curid=8546049. 

 

 

Cos-α-method 
 

The cos-α-method also based on the backscattering caused by Bragg 

reflection like shown in Figure 3. The incident x-ray beam is focused on the 

surface under an angle ψ0. A Debye-Scherrer ring occurs that can be detected on 

an area detector (blue plan). The angle ψ0 is always much greater than zero to get 

an explicit measuring direction. α is the circumferential angle of the ring that is 

used to determine the atomic layer distance d. If there is compressive residual 

stress the distance is getting lower. The ring is shifted a little bit as shown in 

Figure 4. This shift is used combined with the cos α to calculate the stress. The 

whole theory is described e.g., in Ramirez-Rico et al. (2016) and Sasaki (2014). 

At first, the parameter εa1 is determined (see also Figure 5). 
 

     
 

 
          )            ))                                           (2) 

 

The differences of the shifts ε (within the brackets) are used to eliminate 

the shear stress in calculating the normal stress   . With help of εa1 the stress 

is calculated: 
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with E the E-Modul, ν Poisson ratio. All other values are shown in Figure 3. 

The slope of cos α against     is constant. This fact gave the name of this 

method. The shown shift of the ring is in this case without shear stress.  
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Figure 3. Setting of the cos-α-method Used to Measure the Distance of the 

Atomic Layer 

 
Figure 4. Shift of the Debye-Scherrer Ring under Stress 

 
 
Figure 5. Scheme of Calculating 
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Shear stresses give a deformation of the ring like an ellipse that turns a 

little bit around the center point depending on the amount of shear stress. 

(Sasaki 2014, Sasaki et al. 2021). A parameter εa2 is calculated.  

 

            
 

 
          )            ))                                   (4) 

 

In this case, instead of formula (2) the normal stress is eliminated, and the 

deformation of the ring is extracted for calculating the shear stress    : 
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In this case the slope of sin α against     is constant. Within one 

measurement both values for            are obtained. Figure 6 shows a ring 

detected by a MFD detector (area detector). The X-ray diffractometer was a µ-360s 

from Pulstec in Japan (see Figure 7).  

 

Figure 6. Example of a Debye-Scherrer Ring Detected with an MFD Detector 

 
 

Figure 7. The Diffractometer Type µ-360s (Dimensions: 22 * 12 * 12 cm) 
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Comparison with sin
2
ψ-2θ-method 

 

Both methods are based on Bragg’s reflection. The difference is that the 

sin
2
ψ-2θ-method (He 2018) uses only a small part in measuring direction out of 

the ring and is varying the angle ψ and therefore α is constant 0°. The cos-α-

method has a fixed ψ0 and α is varying for calculation of the stress. The 

question that arises is if the two methods are compatible.  

Because the practical application of the cos-α-method is relatively new for 

several metals you can obtain the same results. One example is spring steel: 

Figure 8 shows a residual stress profile of a shot (stress) peened spring (Müller 

2019). 

 

Figure 8. Comparison of sin
2
ψ-2θ-method with cos-α-method 

 
 

The results are the same values within the measuring errors. Other internal 

investigations also show the compatibility of 42 Cr Mo V 4 (1.7225), ST 52-3 

(1.0570), and FD SiCr 6. Delbergue et al. (2016) show it also for martensitic steel. 

 

 

Advantage of the cos-α-method 

 

Each method has advantages. This chapter is only to show some features 

of the cos-α-method. One fact that is mentioned first is the short exposure time. 

If the radiated area has 4 mm diameter the time is about 5 s and the time for 

being ready is determined by the software calculating the result that is about 1 

min. The radiated area can be reduced to 400 µm diameter 

As a result, you get within one measurement both stress           . If you 

make for measurements in a circle every 90° the whole stress matrix under the 
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assumption that the stress perpendicular to the surface    is zero can be calculated 

with errors.  

Locking at the shape of the Debye-Scherrer ring like shown in Figure 9 

texture or coarse grain is existing. The different intensities of the ring indicate 

this fact. Two rings show two different phases in the material. 

 
Figure 9. Image of the Debye-Scherrer Ring Having Two Phases and Texture 

 
 

By changing the incident angle ψ0 other atomic layers are used and other 

rings appear. If you want to measure Austenite you use ψ0 = 30 ° and reduce 

the distance to get no Ferrite ring the (residual) stress of Austenite can be 

determined. Using ψ0 = 35 ° no Austenite ring appears, and a determination of 

the (residual) stress in the Ferrite phase is possible. You find this situation at 

grey cased iron. 

If you are positioning the detector parallel to the surface of the component 

and a small distance of 29 mm Retained Austenite can be measured. Two different 

rings with two different intensities appear (Austenite and Ferrite) and comparing 

both intensities the amount of Retained Austenite can be calculated. 

By changing the material of the anode in the X-ray tube, a lot of materials 

can be measured like table 1 shows. 

Because of the size of the diffractometer (Figure 7), the use outside a lab 

is easy to realize. For example, rollers (Figure 10) or casting tools can be 

examined at the manufacture. Another application done is measuring railway 

wheels (Coo and Lee 2019). At the wheel tread can be measured without 

dismounting the wheel of the wagon.  
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Figure 10. Measuring a Roller in a Rolling Mill  

 
Source: Behler et al. 2021. 

 

Table 1. Possibilities for Measuring Different Materials 

 
Source: pulstec. 

 
 
Conclusions 

 

With the development of new area detectors, a whole Debye-Scherrer ring 

caused by X-ray diffraction can be detected. Because of this fact, this old method 
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is getting established for industrial use. It is a quick way to record the ring for 

further calculation to obtain the residual stresses with the help of simple material 

parameters. The whole stress matrix can be calculated out of for measurements. 

Because of the small size, it is easy to handle and the use outside the lab can be 

realized within 10 min building up time. It is compatible with other methods for 

determining stresses and Retained Austenite can be measured outside the 

laboratory. 
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