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Abstract. The aim of this contribution was to find whether there exists a relation between 

grains orientation in coarse-grained bulk material and macroscopic residual stress distribution 

after surface grinding. It could enable to predict that several coarse-grains are parallel to the 

primary (total) grinding force. Therefore, even smaller force can cause the slip (plastic 

deformation) and thereby smaller compressive residual stresses are determined in the very 

thin deformed surface layer. This effect can lead to degradation of some utility properties. In 

the case of a dynamically loaded nickel-based superalloy, it could lead to decrease of both the 

service life and the creep resistance. 

Introduction 

Inconel is two-phase material. The microstructure contains the nickel matrix (γ phase) and 

Ni3Al precipitates (γ’ phase). Nickel has a face centred cubic lattice (fcc) with regular 

structure, which is close-packing structure of atoms, therefore, the primary slip system is 

<110>{111}. The number of slip systems is 12, which is sufficient amount to plastic 

deformation and it is the reason of plasticity of austenite-type materials. Precipitates Ni3Al 

have ordered regular structure (L12), i.e. the primary slip system is <110>{111} too
1
. Because 

bonds A-B are stronger than A-A type, yield strength of Ni3Al phase is much higher in 

comparison with nickel matrix [2,3]. Moreover, these phases have coherent boundaries with 

                                                           
1
 In comparison with γ phase, L12 materials have anomalous yield strength. This anomalous originates from 

creation of four partial dislocations, two superintrisic stacking fault and one antiphase boundary [1].  
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nickel grains, i.e. the dislocation movement through γ’ phase is almost stopped due to its 

structure [2]. Therefore, these materials are hard, and very high strength or temperature is 

necessary to use to their phase deformation [4,5].
 
Moreover, Inconel 713LC is a work-

hardening and creep-resistant material. Above temperature 600–800 °C, the precipitates lose 

their coherency and the strengthening is decreasing.  

According to articles [6,7], the other material properties are poor thermal diffusivity, high 

temperature strength, presence of hard carbide phases or production of tough chip. Therefore, 

nickel-based superalloys are often used in automotive and aerospace industry as rotor turbine 

blades [8]. However, very stringent requirements on surface integrity specifically, residual 

stresses (RS) and microstructure are required, especially on blade roots [9]. Because of 

susceptibility to mechanical reinforcement of ground surface, the compressive RS are created 

in the surface layer in the case of adequate cooling. Nevertheless, the areas with potential 

accumulation of unfavourable tensile RS of γ/γ’ phases on a macroscale can be localized by 

X-ray diffraction (XRD) techniques. Since the precipitates (γ’ phase) are too hard to be 

plastically deformed, the local strain is very heterogeneous on a microscale – in the matrix 

channels, i.e. γ phase [2]. 

The anisotropy of polycrystalline bulk material is generally more reduced in comparison 

with single crystal because of the distribution of crystal orientation. The coarse-grained 

surface layers affected by grinding are crumbled to a fine-grained structure. In the case of 

coarse-grained bulk material, there may be several grains whose slip directions are parallel to 

the total grinding force
2
. Therefore, even smaller force could cause the plastic deformation 

and thereby smaller compressive RS of surface fine-grained layers are determined [12]. 

Decreasing of favourable compressive RS can lead to reduction of the service life of dynamic 

loaded blades. For microstructure visibility, the electro-chemical etching of plastically 

deformed surface layer has to be done. Subsequently, XRD omega-scan (Ω-scan) method [13] 

or electron backscatter diffraction method (EBSD) [14] can be used for determination of the 

orientation of coarse-grains of bulk material from Inconel. 

Experiment 

The tested samples (blades) were casted from Inconel 713LC which is a nickel based 

superalloy. The nominal chemical composition (in wt.%) was following: 12.0 Cr, 5.7 Al, 4.6 

Mo, 2.0 Nb, 0.7 Ti, 0.2 Fe, 0.1 Zr, 0.08 Co, 0.05 C, 0.013 B and balance of Ni. 

Surfaces of three turbine blade roots (sample 1–3) with dimension 52×15 mm
2
 were face 

ground. For grinding conditions see Figs. 3a–5a. Three areas were analysed by X-ray 

diffraction for residual stress determination on the blade root, namely I, II, see Fig. 1. 

 
Figure 1: Experimental electro-chemical etched sample (blade root) with marked grinding 

direction and analysed areas I–II. 

                                                           
2
 Total grinding force is the sum of cutting, feed and passive forces whose magnitudes are given by grinding 

conditions, properties of grinding wheel and ground material: 𝑭 = ∑ 𝑭𝒊𝑖  [10,11]. 
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PROTO iXRD COMBO diffractometer in ω-goniometer set-up was used to measure lattice 

deformations using manganese radiation. The diffraction lines {311} of γ/γ’ phases were 

analysed for obtaining macroscopic residual stresses [2]. Rachinger’s method and Absolute 

peak method were used for determination of the diffraction angles 2θ
311

 of the diffraction 

lines Kα1. For the residual stress determination, sin
2
ψ method with X-ray elastic constants 

½s2 = 6.57 TPa
-1

, s1 = –1.56 TPa
-1

 calculated from components of stiffness tensor 

(C11 = 234.6 GPa; C12 = 145.4 GPa; C44 = 126.2 GPa) using Hill elastic model [15] were 

used. The cylinder collimator with diameter of 2 mm was inserted into the primary beam path. 

The blades were moving by ±5 mm, therefore, the irradiated area was approx. 12×2 mm
2
, see 

Fig. 1. The average value of the effective penetration depth of MnKα radiation into the nickel-

based material was approx. 4–5 μm [16]. 

The ISO DEBYEFLEX 3003 equipment with chromium X-ray tube was used to back-

reflection experiment for qualitative real structure determination. Using 30mm distance 

between radiation source and plate detector, the diffraction lines (Debye rings) {220} of Kα 

radiation and {311} of Kβ radiation of γ/γ’ phases were obtained.  

Evaluation of crystal orientation was based on measurements of α angle; i.e. the angle 

between crystallographic growth direction <100> and the main axis of the blade 

(perpendicular to grinding direction, see Fig. 1). The investigation was conducted with the use 

of X-ray diffraction method called omega-scan, utilizing prototype OD-EFG diffractometer 

invented and produced by EFG company (Berlin). The apparatus enables determination of the 

crystal orientation in the root and airfoil of turbine blade made of nickel-based superalloys. 

The size of the measuring spot was approx. 2 mm
2
 and by this size; the orientation of whole 

surface of turbine blade can be mapped with an accuracy of ±0.01°. Because of the method 

limitation, the unmeasurable α angles were set to zero. 

The microstructure of specimens was studied with a JEOL JSM 7600F microscope 

equipped with Nordly's EBSD detector. The results were processed by HKL Channel 5 

software equipment. 

Results and discussions 

The microstructure of thin surface layers after grinding was fine-grained, see Fig. 2a. 

Analysing this surface, the inhomogeneous RS were determined on the ground surface, i.e. 

areas I–II, see Figs. 3a–5a. Therefore, the surfaces were electro-chemical etched for removing 

of surface layers affected by grinding (approx. 0.2 mm) to bulk material microstructure 

visibility, see Fig. 1, where the coarse-grained microstructure of bulk material was evident, 

see Fig. 2b.  

  

Figure 2a: The Debye rings of ground surface 

– fine grained structure. 

Figure 2b: The Debye rings of bulk material – 

coarse grained structure. 
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Although grinding usually leads to a creation of the tensile RS, the compressive RS were 

determined on the all surfaces of ground blades. Nevertheless, the tensile RS are predicted to 

the increasing of depth [11]. The compressive RS in the thin surface layers are caused by 

plastic deformation during grinding of the two-phase material which is prone to work-

hardening. Moreover, the thermal conductivity of Inconel 713LC is approx. 4× smaller in 

comparison with classic carbon steel which leads to insufficient heat distribution into chip and 

workpiece. 

The etched samples were measured using the omega-scan method for gaining grain 

orientation of bulk material, see Figs. 3c–5c. The omega-scan method is relatively fast 

method in comparison with the EBSD, see Figs. 3b–5b. EBSD was selected as the 

comparative and verification method. It is necessary to note that X-ray radiation has an order 

of magnitude greater penetration depth than electrons. However, for this size of grains, it is 

not in this case important parameter. 

Because of down grinding, i.e. the direction of the total grinding force points to the 

material, smaller force is necessary to use for deformation of grains with orientation in most 

cases between 20° and 70° in relation to surface, for facilitation around 45°. Using omega-

scan method, deviation α angle was analysed. Because of three slip direction <110> of slip 

planes {111}, two possible values of α angle should be fit to gain. From relation of 

crystallography follows that 0° or 45° of α angle [17] is in relative to the orientation of total 

grinding force of 45°. Similarly, using EBSD method, two possible values of grain orientation 

are necessary to have, namely <100> or <111>. 

 

 

Figure 3a: RS of areas I–II on the surface of 

the sample 1. 

Figure 3b: EBSD orinetation map of the 

sample 1. 

 

Figure 3c: Deviation angle α of omega-scan method of the sample 1. 
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Figure 4a: RS of areas I–II on the surface of 

the sample 2. 

Figure 4b: EBSD orinetation map of the 

sample 2. 

 

Figure 4c: Deviation angle α of omega-scan method of the sample 2. 

 

 

 

Figure 5a: RS of areas I–II on the surface of 

the sample 3. 

Figure 5b: EBSD orinetation map of the 

sample 3. 

 

Figure 5c: Deviation angle α of omega-scan method of the sample 3. 
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In the case of areas I of sample 2 and 3, the compressive RS decreased in comparison with 

the area II in the grinding direction, see Figs. 4a and 5a. The decreasing should be caused by 

irradiated grains which have the deviations of α angle 40–50°, see Figs. 4c and 5c. The 

orientation of grains {111} or {100} is evident from EBSD, see Figs. 4b and 5b. These results 

are in accordance with expectation and before explained theory. 

The RS are dependent on the grinding force in the direction perpendicular to grinding 

direction too. In general, the macroscopic RS on the ground surfaces should be compressive 

when cooled substantially during grinding and, moreover, the compressive RS in direction 

perpendicular to grinding are expected to be greater than in the grinding direction [9]. This 

statement could be not valid in the case of coarse-grained material. From Fig. 3c, it is evident 

that the orientation of irradiated grain of area II is approx. 20°. Therefore, the decreasing of 

the RS is significant too in the direction perpendicular to grinding direction, see Fig. 3a.  The 

biggest decreasing of the RS values is for area II of sample.  The influence on the total 

grinding force is not significant as in the case of α angle deviation 45°. From EBSD, the more 

general orientation of grains is evident, see Fig. 3b. On the other hand, incomplete area II was 

measured. 

Conclusions 

The present study showed: 

 The thin ground surface layers determined by back-reflection X-ray diffraction show 

the fine-grained crystallographic real structure due to plastic deformation (the 

diffraction line is relatively continuous, and has homogeneous intensity around its 

perimeter, without any sign of texture). This is the reason why the surface RS of the 

samples can be determined by using X-ray diffraction. 

 After removing of a surface layer 0.2 mm in thickness, the discrete diffraction spots 

were obtained which proves the considerable coarse-grained material comprised of 

single-crystal domains. This result is in correlation with metallographic pattern.  

 The compressive RS of all ground surfaces with effective thickness approx. 4–5 μm 

were determined. In most cases, higher compressive RS were determined in the 

direction perpendicular to grinding direction. Due to mechanical interaction between 

cutting tool and material, the surface layers have tendency to elongate. 

 The correlation between the decreasing of RS values of and orientation of the 

irradiated grains was established for both methods. Despite higher resolution and 

lower penetration depth of electrons, EBSD method with omega-scan method shows 

similar results.  

 The limitation of α angle measurement is a disadvantage of this method. On the other 

hand, relatively fast measurements and easier preparation of samples are advantages of 

omega-scan method. 
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