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Abstract   

The level of residual stresses is of great importance for many applications. In this work, 

the XRD residual stress analysis was used to characterize ‘double drive shaft assemble’ to find 

if it’s the cause of the failure. The highest stress levels were found in the heat treat or 

mechanically machined specimen, while considered negligible stresses along transfers 

direction. In addition, shear stress and texture are observed in the sin2 𝜓 – strain curve. Further 

results and discussion are presented in this study. 

Keywords: steel, residual stress, shear stress. 

1 Introduction  

Combat vehicles in the defense system must have locomotion, firepower, and shock 

power, as well as high attack resistance (Pusat Kesenjataan Kavaleri, 2013; Pratomo et al., 

2021; NATO, 2012). The criteria for carrying out defense and security operations are 

maneuvering speed, high cruising range, fire resistance, firepower, and protecting and 

transporting personnel and their logistics (Vennik, 2019; Pratomo et al., 2020).  
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Infracore Black Fox is one of the armored fighting vehicles made in South Korea with 

90 mm caliber canons, amphibious capability, and tires to cruise on off-road and flat terrain 

that meets military standards (KDIA, 2019). Indonesia first ordered the Infracore Black Fox 

and renamed Panzer Tarantula, which has been operational since 2013 (SIPRI, 2012).  

In recent years, several accidents during operation have occurred due to the failure in 

motion and direction control rod (double drive shaft assemble). This accident is also happened 

elsewhere, which caused the system to be unable to move and control its direction 

(Bayrakceken, Tasgetiren, and Yavuz, 2007). A material test is needed to find the cause of the 

failed component, such as elemental analysis, hardness, and surface residual stress.  

During the manufacturing process, residual stresses are introduced into parts by heat 

treatment, grinding, welding, electroplating, shot blasting, or other processes (Withers and 

Bhasedia, 2001; Finch, 1994; Noyan, 1991). If residual stresses are large enough, the local 

deformation and plastic deformation can seriously affect component performance. In general, 

surface tensile stresses are undesirable because they can cause fatigue fracture, chill cracking, 

and stress-corrosion cracking. In contrast, compressive residual stresses are beneficial due to 

the increased resistance to fatigue and stress-corrosion cracking and the bending strength of 

brittle ceramics and glass (Withers and Bhasedia, 2001; Finch, 1994; Noyan, 1991; Kandil et 

al., 2001; Fitzpatrick et al., 2005). There are plenty of methods for measuring residual stresses, 

and one of the most important is the X-ray diffraction method, which, despite its limited depth 

of penetration, allows more accurate analysis of non-destructive residual stresses (Resigen 

et.al, 2017; Khorsan et al., 2017; Ogawa et al., 2019). This study aims to investigate whether 

residual stress contributes to the failure of ‘double drive shaft assemble’. 

2 Experimental Method 

The ‘double drive shaft assemble’ specimen are used to characterize the composition, 

hardness, and residual stress. Optical Emission Spectroscopy from Hitachi Hi-Tech is used to 

characterize the chemical composition of the failed specimen. Rockwell Hardness Tester from 

Future Tech is used to characterize the hardness of failed specimen. Bruker D8 Advance Eco 

diffractometer is used to characterize the material and the surface residual stress of a good 

specimen perpendicular to the failure direction. XRD data were obtained using Co source that 

operates at 1 kW (40 kV, 25 mA), with divergence slit 1, primary and secondary soller slit 

2.5, no Kβ filter and LYNXEYE-XET detector.  

The full scan is collected in 2 range 40 - 130 step size of 0.02, further analysis with 

Bruker Eva v5 and Topas v6 for the qualitative and quantitative analysis, respectively (Bruker 

AXS, 2019; Bruker AXS, 2017). The best peak criterion is based on Rietveld refinement results 

and visual inspection of the final fitting.  

Residual stress diffraction patterns are collected in the 2 range 96.5 - 102.5 step size 

of 0.02 and tilt angle (𝜓) range -20 - +20 step size of 4, and azimuth angle (𝜑) range 0 - 

90 step size of 45. DIFFRAC.Leptos v7 is employed to process the data with the following 

steps; background correction, polarization correction, and Kα2 stripping (Bruker AXS, 2009). 

Corrected peak than evaluate using gravity, parabolic, pseudo-Voigt, and Pearson-VII (Bruker 

AXS, 2009). The “sin2 𝜓 – method” of X-ray diffraction was used to study the surface residual 

stress based on the fundamental equation of the theory of elasticity for deformation in arbitrary 

direction (Withers and Bhasedia, 2001; Finch, 1994; Noyan, 1991; Kandil et al., 2001; 

Fitzpatrick et al., 2005): 
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𝜀𝜑𝜓 = ½𝑆2(𝜎11𝑐𝑜𝑠2𝜑 + 𝜎22𝑠𝑖𝑛2𝜑 + 𝜎12𝑠𝑖𝑛2𝜑 − 𝜎33) 𝑠𝑖𝑛2𝜓

+ ½𝑆2(𝜎13𝑐𝑜𝑠𝜑 + 𝜎23𝑠𝑖𝑛𝜑) 𝑠𝑖𝑛2𝜓 + 𝑆1(𝜎11 + 𝜎22)
+ (½𝑆2 + 𝑆1) 𝜎33                                                                                         (1) 

 

where  is measured strain in direction of the netplane-normal n of the (hkl)-

netplanes, ½s2  and s1 is material-(hkl) and (hkl)-dependent elastic constants; also dependent 

on texture, if present, ik is normal (i = k) and shear (i  k) stress components of the stress 

tensor. In case of linear  - sin2 function, normal stress without shear stress (13 = 0 and 23 

= 0) and  small penetration depth of x-rays (33 = 0), equation (1) reduce to: 

𝜀𝜑𝜓 = ½𝑆2(𝜎11𝑐𝑜𝑠2𝜑 + 𝜎22𝑠𝑖𝑛2𝜑 + 𝜎12𝑠𝑖𝑛2𝜑) 𝑠𝑖𝑛2𝜓

+ 𝑆1(𝜎11 + 𝜎22)                                                                                            (2) 

Figure 1a shows the residual stress measurement in a laboratory-type goniometer, 

where the  scan are parallel with the ψ and , perpendicular to 𝜑 and . As a rule of thumb, 

the higher the Bragg peak in 2 scans, the more accurate in determining the dhkl. In general 

practices, the NPL Guide No. 52 is suitable for steel's residual stress measurement (Fitzpatrick 

et al., 2005). Figure 1b shows the surface residual stress direction in the material. The - scan 

dictated the stress direction in respect of the surface orientation (Fitzpatrick et al., 2005). 

(a) 

 

(b) 

 

Figure 1. Experimental setup for (a) Angles and rotations used in residual stress 

measurement, (b) Strain component 𝜀𝜑𝜓 on the surface of material. 

3 Result And Discussion 

Fig 1(a) shows the drive assembly sample orientation in XRD with scan area 

highlighted in yellow, scan direction 𝜑 = 0˚ (red) and 𝜑 = 90˚(blue). Figure 1(b) shows the 

Rockwell hardness testing of 120 HRB, putting the specimen in the low alloy steel category. 

Further, the elemental analysis in table 1 shows that the total alloy is less than 8% confirmed 

as low alloy steel, but the carbon content of 0.77% put this specimen in high carbon steel (0.61-

1.50% at% C) with an additional 0.23% Si and 0.79% Cr to increase solid solution strength, 

hardness and improve corrosion/oxidation resistance (Bramfitt and Benscoter, 2001). 
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(a) (b) 

  
Figure 1. ‘Double drive shaft assembles’ in XRD setup (a) and Rockwell hardness setup (b) 

Table 1. Chemical composition (mass%) 

 

 Nb Ti V W Pb Sn B Zr As Bi 

Avg. <0.0020 0.0014 0.042 <0.0400 <0.0150 <0.0020 <0.0010 0.0023 0.0074 0.0146 

SD 0.0000 0.0002 0.005 0.0000 0.0000 0.0001 0.0001 0.0005 0.0015 0.0016 

Fig. 2a shows the Rietveld refinement analysis of -2 coupled scan. The sample is 

refined with α-Fe (ferrite) crystal structure from ICDD PDF card no. 04-007-9753 with group 

Im-3m. The discrepancy between observed ad calculated data are considered acceptable, shown 

by Goodness of Fit (GoF) of 1.13 - closer to 1.0, and expected (Rexp) and weighted value 

(Rwp) smaller than 10% (Manawan et al., 2021; Toby, 2006). The refinement result is 

summarized in Table 2. 

Fig. 2b shows the ψ scan of (211)-peak using -2 coupled scan. There is no change in 

the peak width, but the intensity decrease due to the illumination area, parallel to the scan 

direction, getting smaller as the tilt angle (ψ) changes from negative to positive. 

(a)

 

(b) 

 
Figure 2. X-ray diffractogram ‘double drive shaft assembles’ Rietveld refinement (a) and 

(211) residual stress scan at 𝝋 = 0 in ψ range of -20 - +20, step size of 4 (b) 
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 Fe C Si Mn P S Cr Mo Ni Al Co Cu 

Avg. 97.4 0.770 0.231 0.655 0.007 0.0030 0.789 0.0056 <0.0050 0.0136 0.0022 0.0424 

SD 0.010 0.010 0.010 0.010 0.001 0.0010 0.010 0.0010 0.0010 0.0010 0.0003 0.0005 
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Table 2. Rietveld refinement result 

A total of eleven data of each azimuth angle (𝜑) was reduced, fitted, and evaluated by 

sin2ψ – σ plot as shown in Fig. 3. All curves show a negative slope indicating compressive 

stress and an elliptical function indicating shear stress. There is no significant change in the 

slope as the specimen rotates from 𝜑 = 0˚ to 𝜑  = 90˚ which mean that the strain is isotropic. 

Table 3 summarizes the strain analysis from Sin2ψ -   plot where the highest 

compressive stress is at 𝜑 = 0 and the lowest is at 𝜑 = 90 with the value of -295.3 MPa and 

-275.9 MPa, respectively. This value is similar to quenched decarburizing silicon-manganese 

suspension springs for automotive application (Todinov, 2000; Lozano, 2019). The error value 

is quite high due to the presence of texture, which is seen as an oscillation of individual data 

compared to the fitting. Shear stress follows the normal stress pattern with the value of -47.5 

Mpa for 𝜑 = 0 and -44.8 MPa 𝜑 = 90, respectively.  

 
Figure 3. Sin2ψ -   plot of surface residual stress as a function of 𝝋 

Table 3. Residual stress analysis result 

 

Conclusion 

Residual stress using “sin2 𝝍 – method” has been used for failure analysis on ‘double 

drive shaft assembles’ military vehicle. The strain on the specimen was composed of 

compressive residual stress and shear stress with the maximum value of -295.3 MPa and -47.5 

MPa, respectively. Compresive residual stress is desirable, while shear stress is still below the 
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Phase Steel 

Space Group Im-3m 

Cell Mass 111.690(1) 

Cell Volume (Å3) 23.538 (2) 

Crystal Density (g/cm3) 7.897(1) 

Lattice Parameters: a (Å) 2.86589 (7) 

Rexp 5.22 

Rwp 5.92 

GoF 1.13 

 () Normal Stress (MPa) Shear Stress (MPa) 

0 -295.3  53.1 -47.5  5.3 

45 -278.9  45.4 -45.6  7.2 

90 -275.9  49.4 -44.8  6.5 
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minimum tolerance for shear modulus (MatWeb, 2022). Thus, the components are free from 

the destructive effects of residual stress.  
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