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ABSTRACT 9 
 10 
In this work an attempt is made to simulate the life of a rotating element subjected to the phenomenon of 
fatigue fretting using finite element analysis. A numerical model is being proposed to analyse the fretting 
failure phenomenon. The model explores the physics of the problem with a view to capture micro slip at 
the interface between the root and the disc. Some of the parameters that affect fretting are dissimilar 
material component types, kinds of fit, geometry of the mating part etc. The effect of these parameters on 
the extent of fretting is being analysed using the commercial finite element tool ANSYS. This will enable 
one to gauge failure criterion of the part to be designed under different cyclic loading conditions subjected 
to fatigue fretting failure. It is found out from the present analysis that the bottom tooth of the fir tree 
structure experiences the maximum stress induced at the interface. Also the stress increases non-linearly 
as the speed increases. As the flank angle is increased, the fatigue life at higher speeds decreases. Also 
the equivalent stress decreases as the number of teeth increases. 
 11 
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1. INTRODUCTION 14 
Gas turbines play a very vital role in the energy domain, being the essential prime movers of energy 15 
generation in both moving and stationary power generating units. Typically gas turbines have very high 16 
temperature and pressure apart from being high-speed engines. This leads to design complexities such 17 
as thermal overruns and structural deformations. Thus the design of the gas turbine requires careful 18 
considerations of the above-mentioned factors. Even when due diligence is given to the above 19 
considerations regarding the design of the gas turbines, there is yet another important phenomenon that 20 
occurs in a gas turbine blade called “fretting” which occurs between two surfaces having oscillatory 21 
relative motion of small amplitude and with low sliding velocity (5 mm/s). This alternating movement with 22 
amplitude of less than 150 µm causes micro slip at the interface of the blade and the disc and hence the 23 
life of the blades is decreased drastically. 24 

The mechanical integrity of aero engine turbine discs and attached blades is crucial to the operational 25 
safety and service life of gas turbine engines. Contact stresses, interface conditions (friction, surface 26 
roughness, residual stress), and the detailed geometry of the joint determine the severity of the resulting 27 
stress field and the magnitude of fatigue fretting. These thermo mechanical stresses do not remain 28 
constant but vary during a flight. It is generally accepted that fretting initiated fatigue cracks are due to 29 
intermittent high-frequency engine resonance and load fluctuations resulting from a change in engine 30 
speed or power requirements. 31 
A three dimensional finite element analysis is required to capture the stresses induced due to fretting 32 
phenomenon. In the present analysis, the objective is to maximize the fatigue life of aero engine turbine 33 
blades. The analysis is carried out to predict the life of the blade-disc assembly taking centrifugal loading 34 
conditions into effect. 35 
Aero engine turbine discs basically have three critical regions for which lifetime certification is necessary: 36 
(i) the fir-tree rim region, (ii) the assembly holes or weld areas, and (iii) the hub region [1]. The loads 37 
associated with these regions are the self-generated centrifugal forces of the disc and associated blades, 38 



 

the bending loads due to the gas pressure, and thermal loads. The joint between a turbine blade and the 39 
disc represents the most critical load path within that assembly. In the majority of cases, cracks are 40 
generally initiated in the fir-tree rim region due to the fretting action at the blade disc interface [2]. 41 
The stress analysis of the fir-tree region of aero engine discs has received some attention [3, 4]. The 42 
theory of finite element formulation of two bodies in contact is discussed. The effect of blade and disc 43 
clearance upon the stress field using a two-dimensional FE model was investigated. The coefficient of 44 
friction was shown to have a slight effect on both the magnitude of maximum fillet stresses as well as the 45 
distribution of average loads on the teeth flanks. Clearance changes revealed more significant effects on 46 
the stress field than those of contact friction. 47 
A variety of experimental stress analysis have been conducted in three-dimensional photo-elastic 48 
specimens for dovetail skew geometries [8]. The experimental data suggested that the stress 49 
concentration factors were shown to increase with the skew angle defining the dovetail disc groove. 50 
 51 
The scope of the current study is to obtain the fatigue fretting behaviour of a turbine blade at the fir tree 52 
interface when subjected to centrifugal loads. An attempt is made to establish a relationship between the 53 
different parameters affecting the fatigue life of the blade. 54 
 55 
2. NUMERICAL MODELLING 56 
 57 
2.1 Geometrical Modelling 58 
An aero engine blade-disc assembly with a fir-tree structure is chosen for the analysis [5]. The 59 
nomenclature and specifications of the model are as shown in figure 2.1. The detailed specifications of 60 
the model created are shown in table 2.1. 61 

 62 
Figure 2.1 Nomenclature of fir tree root [5] and the geometrical model developed using ANSYS 63 

Workbench 14.5 64 

Table 2.1 Detailed specifications of the model 65 
Model Parameters Value 
Outer Radius (Ro) 0.6833 mm 
Inner Radius (Ri) 0.5207 mm 
Top flank angle (γ) 400 
Bottom flank angle (β) 400 
Contact angle (α) 150 
Number of teeth (ni) 3 
Flank length (l) 3.556 mm 
Inner radius of the disc (a) 31.75 mm 
Outer radius of the disc 190.5 mm 



 

2.2 Assumptions used in the analysis 66 
The following assumptions are made for the present analysis 67 

• A steady state non-linear structural analysis is adopted 68 
• The analysis is restricted to within the elastic range of operations 69 
• Centrifugal load being the major cause for failure is the only load that is considered in the 70 

analysis. 71 
• Thermal effects on gas turbine blades are not considered in the present analysis. 72 
• Coriolis forces caused due to relative motion of the fluid with respect to the rotating blade is 73 

assumed to be insignificant as evident from the literature review. 74 
 75 
2.3 Parametric variables for the Analysis 76 
The parameters of the fir tree are changed in order to obtain the variation of stresses. Some of the 77 
parameters that are changed are 78 

• Contact angle (α) 79 
• Number of teeth (ni) 80 
• Flank angles (β and γ) 81 

 82 
2.4 Material Data for INCONEL 720 83 
Material properties used for modelling the blade and the disc are that of a Nickel alloy namely INCONEL 84 
720. The material has a modulus of elasticity of 220 GPa, a poisson’s ratio of 0.29 and density of 8510 85 
kg/m3. The material is particularly selected because of its high resistance to creep and fatigue [12]. 86 
 87 
2.5 Mesh and Grid Independence Test 88 
An initial coarse meshing scheme is adopted in the preliminary analysis to generate the computational 89 
model domain. The output result generated from this preliminary analysis is plotted for one of the 90 
important design outputs i.e. Von Mises equivalent stress along the thickness of the blade as it is an 91 
essential parameter to assess the strength of the tooth in the fir tree domain. The reference mesh created 92 
is illustrated in figure 2.3(a) where the elements are uniformly distributed with a minimum size of 0.25mm. 93 
However the uniform mesh for the whole model results in the drastic increase in computational time to 94 
obtain the results. Hence the mesh is refined (Figure 2.3 b) as per the stress concentration so as to 95 
obtain a balance between getting an accurate solution and keeping the computational time low. 96 
A numerical model needs to have consistent results for any parametric variation corresponding to an 97 
optimal number of nodes and elements. Hence it is necessary to model the computational domain with a 98 
graded increase of nodes and corresponding number of elements. The numerical model is tested for 4 99 
different grades of mesh density with model A being coarse with 489,997 nodes and 111,060 elements 100 
and model D being finer model with 2,943,160 nodes and 696,900 elements. The grid independence test 101 
is carried out for the principle variable von mises equivalent stress which is plotted along the thickness of 102 
the disc. By comparison of the variation of the von mises equivalent stress among the four models it is 103 
seen that models C and D show near convergence trend in variation. Hence considering the 104 
computational cost and time, model C with 1,863,248 nodes and 437,200 elements is adopted for 105 
numerical modelling. 106 

Table 2.2 Mesh densities of the models used for grid independence test 107 
Model Elements Nodes 

Model A 111,060 489,997 
Model B 246,990 1,065,773 
Model C 437,200 1,863,248 
Model D 696,900 2,943,160 

2.6 Boundary conditions 108 

• Frictionless support for the inner face of the disc to constrain and provide an axis of rotation for 109 
the blade disc assembly. 110 

• Rotational Velocity of the disc – 1000 RPM simulating the centrifugal load applied. 111 
• Restricting the displacement of the side faces normal to its plane. 112 
• Cyclic symmetry of the disc. 113 



 

 114 
Fig. 2.2 Plot of equivalent stress along the thickness of the disc 115 

 116 

 

Fig 2.3(a) Uniform hex mesh of the 
assembly 

Fig 2.3(b) Hex mesh having a finer mesh at the 
contact faces 

2.7 Contact surface formulation 117 

The contacting surfaces in the fir-tree region were modelled using contact surface elements. These 118 
elements allow for the modelling of gap and friction conditions at the interface. Two methods of satisfying 119 
non-linear contact conditions are available: a penalty method and a combined penalty Lagrange multiplier 120 
method also known as Augmented Lagrange method. Both methods involve the use of user defined 121 
parameters: normal and tangential stiffness, Kn and Ks respectively. These stiffness factors play a major 122 
role in governing the convergence and accuracy of the solution. The values for stiffness were chosen 123 
such that the criteria of minimum interpenetration and convergence were satisfied. The minimum 124 
interpenetration was selected to be 5% of the smallest element size. Furthermore, the solution was 125 
accepted if convergence between two successive iterations did not exceed 2%. The interface between 126 
the disc and the blade is of much importance since the stresses generated will be at the maximum in this 127 
region. The assigned contact and target faces are highlighted as red and blue respectively as shown in 128 
Figure 2.4. 129 



 

 130 

Figure 2.4: Contact and target faces at the blade disc interface 131 
 132 

Table 2.3 Contact formulation details 133 
Parameter Value 
Type of contact Frictional 
Coefficient of friction 0.2 
Contact algorithm Augmented Lagrange’s Method 
Contact behavior Symmetric 
Normal Stiffness 5.2750 x 108 N/m 
Tangential Stiffness 1020 N/m 

 134 
2.8 Validation of the numerical model 135 
The validation of the numerical model was carried out by comparing the results of the present study with 136 
the one available in literature [5] and is illustrated in the plot shown in figure 2.5. The stresses induced 137 
along the periphery of a tooth in the fir tree are compared with the results from photo-elastic model of the 138 
fir tree tooth from an experimental model. The photo-elastic model was created by stress-freezing 139 
experiments conducted using a photoelastic turbine blade-disc assembly with the material made of 140 
Araldite CT200 epoxy and the spin speed of 360 RPM was selected for stress freezing process. 141 
 142 

 143 

Figure 2.5 Validation graph of normalized length vs Normalized stress for photo-elastic maximum shear 144 
stress contours and Finite Element predictions. 145 

 146 
2.9 Normalization of stresses 147 
In order to obtain a dimensionless variable for easy scalability of the results, the finite element results 148 
which are obtained in terms of MPa were normalized by a factor of ρω2a2 [5].  The normalized factor 149 
obtained is 12.2 kPa. 150 



 

2.10 Determination of fatigue life 151 
The important part in determining the amount of fatigue fretting lies in the methods used for calculating 152 
the fatigue life. In the current scenario, as the number of cycles of loading and unloading are high, hence 153 
the method used for calculating the fatigue life is stress based approach. The loading was applied from 154 
no load to full load and the life cycles are based on this number. Also The Goodman mean stress theory 155 
was used to predict the life of the blade disc assembly. 156 
 157 
3. RESULTS AND DISCUSSION 158 
 159 
3.1 Effect of Contact Angle (α) 160 

Figure 3.1 shows the contour plots for the case for various contact angles. As the contact angle increases 161 
the equivalent stress increases and the stress distribution decreases in the fir tree region. 162 
It appears as a stress concentration region at the contact point between the blade and the disc. This is 163 
due to the fact that as the contact angle is increased, the contact area between the disc and the blade 164 
also decreases leading to higher stresses in those regions. 165 
The maximum load bearing is by the disc owing to the fact that the blade is supported by the disc leading 166 
to higher stresses in the load bearing region of the disc. 167 
Figure 3.2 shows a bar graph showing the variation of normalized equivalent and shear stresses with 168 
respect to contact angle α. It is found that there is a sudden spurt in the value of the stresses for the case 169 
with a contact angle of 22.50 which is due to geometric distortion at the teeth of the blade and disc 170 
interface. 171 
Figure 3.3 shows the stresses generated along the thickness of the blade. The graph reveals that the 172 
stresses vary along the thickness with stress being higher at the edges than at the center. This bucket 173 
shaped formation of stress variation is due to factors such as the non-linear contact formulation and 174 
slippage occurring between the faces of the blade and the disc. Comparing the linear stresses along the 175 
thickness for the 4 models indicate a higher stress magnitude for the model with a contact angle of 22.50 176 
and the least for the one with 150 contact angle. 177 

 178 

Figure 3.1 Equivalent stress contour plots of varying alpha angles 179 



 

Figure 3.3 shows the stresses generated along the thickness of the blade. The graph reveals that the 180 
stresses vary along the thickness with stress being higher at the edges than at the center. This bucket 181 
shaped formation of stress variation is due to factors such as the non-linear contact formulation and 182 
slippage occurring between the faces of the blade and the disc. Comparing the linear stresses along the 183 
thickness for the 4 models indicate a higher stress magnitude for the model with a contact angle of 22.50 184 
and the least for the one with 150 contact angle. 185 
 186 
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Fig 3.2 Graph of normalized Von Mises and 
shear stress with contact angle (α) 

Fig 3.3 Linearized stress along the thickness for 
varying alpha angles 

 187 
Plot of the fatigue life of the four models against the rotor speed illustrated in figure 3.4 indicates that the 188 
model with a 150 contact angle exhibits a higher resistance to failure. Considering a threshold of 108 189 
cycles, the maximum speed attainable by the model with 150 contact angle is much higher than the other 190 
models. 191 
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 192 

Fig 3.4 Fatigue life of the assembly vs speed for different alpha angles 193 
 194 
3.2 Effect of number of teeth (ni) 195 
From the comparison of the equivalent stress contour plots for the models with 3, 4 and 5 teeth as shown 196 
in figure 3.5, it is observed that as the number of teeth increases, the equivalent stress decreases 197 
progressively. The plot of equivalent and shear stress for the 3 models are illustrated in figure 3.6. This 198 
can be attributed to the fact that increasing the number of teeth also increases the contact area in the fir 199 
tree region. Hence the induced stresses are distributed amongst the teeth and these stresses are 200 
relatively low as the number of teeth is increased. 201 



 

 202 

Fig 3.5 Equivalent stress contour plots for varying number of teeth 203 
 204 
The increase in number of teeth will affect the stress concentration thereby reducing it and the stresses 205 
are distributed along the volume of the fir tree region. 206 
 207 
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Fig 3.6 Graph of normalized Von Mises and 
shear stress with no of tooth (ni) 

Fig 3.7 Linearized stress along the thickness 
for varying number of teeth 

 208 
From the figure 3.7 the linearized stress variation along the thickness show a marked change from 3 teeth 209 
to 5 teeth. Whereas the stress variation shows significant change along the thickness for 3 teeth fir tree, 210 
the stress variation for 4 teeth and 5 teeth show a lower but nearly flat profile. This is because of the 211 



 

better load bearing capacity for higher number of teeth and hence lower stresses in higher teeth fir tree. 212 
However a weighted average of the stresses along the thickness reveals that there is an optimum for 4 213 
teeth profile with lower average stresses for the 4 teeth model. This can be inferred from figure 3.7 as 214 
there is an inflection between the profiles of 4 and 5 teeth stress distribution. From the fatigue life vs 215 
speed chart as shown in figure 3.8, it is observed that for 108 cycles the models with 4 and 5 teeth exhibit 216 
the same resistance to fatigue since the maximum speed attainable by the two models are approximately 217 
similar. 218 
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Fig 3.8 Fatigue life of the assembly vs speed for varying number of teeth 220 
 221 
3.3 Effect of top and bottom flank angles 222 
It is found from stress contour plot (figure 3.9) and bar graph of equivalent and shear stress for the 3 223 
models (figure 3.10) that there is negligible variation in the stress distribution due to the variation in top 224 
and bottom flank angles. Hence it can be concluded that the top and bottom flank angles do not have 225 
significant role in the induced stresses at the fir tree region. The increase or decrease in top or bottom 226 
flank angles results in a blunt or sharp tooth. Therefore the amount of slip varies as the assembly is 227 
subjected to centrifugal load. 228 
 229 

 230 

Fig 3.9 Equivalent stress contour plots for varying top and bottom flank angles 231 



 

From the fatigue life vs speed chart as shown in figure 3.12, it is observed that for 108 cycles the two 232 
models which has 300 and 500 top and bottom flank angles exhibit the same resistance to fatigue 233 
irrespective of the amount of slippage. But the resistance to fatigue of the same is higher than the model 234 
with equal top and bottom flank angles. 235 
The plot of linearized stress along the thickness as illustrated in figure 3.11 indicates that the model with 236 
bottom flank angle below 300 produces high stresses along the thickness. Therefore it can be assumed 237 
that any tooth angle less than 400 produces unfavourable results. It is also observed that the stress does 238 
not vary significantly by the increase of flank angle. 239 
 240 
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Fig 3.10 Graph of normalized Von Mises and shear 
stress with flank angles 

Fig 3.11 Linearized stress along the thickness for 
different combinations of top and bottom flank 

angles 
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Fig 3.12 Fatigue life of the assembly vs speed for different combinations of flank angles 243 
 244 
4. CONCLUSION 245 
The following important conclusions were derived from the parametric study of fatigue fretting in rotating 246 
structures with interference fitted components using ANSYS: 247 

1. It was observed from the study that the equivalent stress increases from the bottom tooth to the 248 
top tooth. Further, the plot of normalized stress along the periphery of the tooth profile from 249 
bottom to top showed a variation with bottom tooth exhibiting a higher peak compared to the top 250 
tooth. The tooth trough experienced relatively no stress due to the gap (clearance) between the 251 
blade and disc. 252 



 

2. As the contact angle was increased, the stress concentration also increased proportionately. 253 
3. The fatigue life for different rotor speed indicated that the model with a 150 contact angle 254 

exhibited a higher resistance to failure. Considering a threshold of 108 cycles, the maximum 255 
speed attainable by the model with 150 contact angle was 5200 rpm as compared to 4250 rpm of 256 
17.50, 3700 rpm of 200 and 3000 rpm of 22.50 angle of contact. 257 

4. It was observed that as the number of teeth increases, the equivalent stress decreased 258 
progressively. The increase in number of teeth affects the stress concentration, thereby reducing 259 
it and the stresses were distributed along the surface of the fir tree region. 260 

 261 
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