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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 

When the research on the gears are investigated, it is seen that there are different studies on the design and analysis. 
In the majority of research studies, the tooth root curve is designed as a trochoid curve as a results of production 
method. According to literature, application of the circular fillet method instead of the trochoid curve in the tooth root 
would increase the strength of the tooth root. 

 Fatigue life will also be positively affected with increase of tooth strength. Because the less stress will develop in 
the tooth root, the fatigue life of the gear tooth will increase. In this study, we have designed and manufactured involute 
profile asymmetric spur gears using the circular fillet method in tooth root region. 

Involute profile asymmetric gears tooth have lower contact stress and superior tooth root strength than symmetric 
gears tooth. In this work, fatigue damages on asymmetric gear tooth caused by cyclic loads and effects of material 
hardness on fatigue life of gear tooth were investigated. 

 In the extent of the study, a new single-tooth bending fatigue test apparatus (STBFT) was developed to investigate 
the fatigue performance of the gears. Low-cycle and high-cycle tests were done to detect the fatigue performance of 
the asymmetric gears. 
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1. Introduction 

The preferred pressure angle for symmetrical gears is 20°. In addition, it is used in symmetrical gears with 14.5° 
and 25° pressure angles. When the pressure angle is smaller, the strength of the tooth root and the contact stress on 
flank become worse. In order to improve the strength and performance in symmetrical gears, various modifications 
can be done such as enlarging the cutting tool radius, profile shifting etc. In addition to these, modifications can be 
made by changing the pressure angle in one-side flank. By increasing or decreasing the pressure angle on one-side of 
the gear tooth flank relative to the other side, asymmetry in the tooth is obtained. 

In this study, we have designed asymmetric involute spur gears. In the forming of tooth root curve, circular fillet 
method was used and asymmetric gears was designed. It is known that the curve obtained by the circular fillet method 
in the tooth root increases the tooth thickness in critical section of tooth. Spitas et al (2005, 2007) showed that the 
curve obtained by the circular fillet method in the tooth root increases some the tooth thickness in critical section of 
tooth according to trochoid curve. 

Studies done by Costopoulos et al. (2009) on asymmetric gears have shown that asymmetric gears are of more 
strength than symmetrical gears and quieter running performance. In addition, the literature studies done by Cavdar et 
al. (2004) and Kleiss et al. (2001) suggest that the use of asymmetric gears reduces vibration. 

Asymmetric gears can be loaded from both flank by Litvin et al. (2000). In this work, the surface with high pressure 
angle was loaded. Fatigue performance analyses of asymmetric gears have been carried out and the types of damage 
due to fatigue have been investigated. 

 
 

Nomenclature 

b Face width (mm) 
m Module (mm) 
sF  Critical tooth thickness (mm) 
hF Bending moment arm (mm) 
σF0 Stress of the critical point at the tooth root (MPa) 
ρF Tooth root radius (mm) 
αL Load angle (°) 
αn Pressure angle (°) 

 

2. Experimental method 

2.1. Design of asymmetric gear 

Asymmetric spur gears are produced as shown in Figure 1, in which the tooth root curves are formed by the circular 
fillet method. The gears tested have a pressure angle of 20°/25°, 3mm module and 24 tooth. The tested gears were 
made of AISI 4140 material. 

In the single-tooth bending fatigue tests, one of 3 or 4 tooth of the gear tooth is usually tested. The other tooth are 
not tested. This prevent the test results to be affected from these deformations that can occur in next tooth. In this 
study, one of the three tooth was identified as a test tooth. The tooth that will not be tested have been removed from 
the design and only the tooth to be tested have been manufactured. The manufactured gears were heat treated in two 
different hardness as 38 and 48 HRC. The results of the measurement made by the coordinate measuring method, the 
tooth profiles have 7 quality numbers according to the DIN 3962. 
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Figure 1. Asymmetric test gear 20°/25°. 

2.2. Fatigue Test Equipment 

As improved version of patent application design by Demet et al. (2015), the testing apparatus developed to do 
single-tooth bending fatigue test of symmetric or asymmetric gears is shown in Figure 2. One-side involute profile 
load application part transfers the applied load from the load head to test tooth. The test tooth is subjected to a variable 
loads and undergoes tooth damage due to fatigue in progressive cycles.  

The portion of the load application part that is in contact with the tooth has an involute profile and the same pressure 
angle as the test tooth. Thus, during the application of the load, the actual loading state of the gears is simulated. The 
tests were performed on the Instron fatigue tester through the apparatus shown in Figure 2. During the fatigue tests the 
stress ratio was applied as 0,1. Tests were performed at 50 Hz frequency 

 
Figure 2. Gear test equipment. 

2.3. Fatigue test procedure 

 The experimental work was carried out using the staircase method. The staircase method is also used in single-
tooth bending fatigue test studies done by Maršálek (2011). In accordance with this method, a specified torque value 
was applied to the tooth which have two different hardness values and was gradually reduced as the tooth were broken. 
By accepting 106 cycle asymptotically, the test was stopped for those tooth that exceeded this cycle and were not 
damaged and the load was increased to perform tests with different tooth. When the load was increased, if the tooth 
damage occurs below 106 cycle, a certain proportion of the load was reduced again and the different tooth were tested. 
Fatigue tests were carried out using this method. 

The variation of the torque values applied to the gear test specimens with both hardness values is presented in 
Figures 3. 
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Figure 3. Staircase method for 48 HRC test gears (a), Staircase method for 38 HRC test gears (b). 

3. Equations 

Analysis of tooth root strength of symmetric gears is done by standard approaches such as ISO 6336, AGMA 908-
B89. There are no published standards for tooth root strength of asymmetric gears. Researchers derive a variety of 
formula from the standard approaches such as ISO and AGMA. The theoretical studies are compared with the FEM 
analyses and interpretations are made on the accordance of the results. 

To analyse the tooth root stress in test gear, we referred to the study which present an approach on asymmetric 
gears and the stress value is presented in the Figure 4. The approach which was present by Sekar et al. (2015) on the 
tooth root stress calculation on asymmetrical gears are given below.   
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Figure 4. Load distrubition on tooth. 

During the test, the loads were applied from the high point of single tooth contact. This is the point where the load 
has the greatest effect on the tooth with normal contact ratio. 

4. Results 

The single tooth bending fatigue test results of the asymmetric gears tested are given in Figure 5. According to the 
results obtained, gears with 48 HRC hardness have lower fatigue strength than gears with 38 HRC hardness. This can 
be explained by the change of tensile residual stress on the surface after the heat treatment process. According to 
Subaşı et al. (2011), with the hardness increases, the tensile residual stress on the surface increase. This situation 
reduces the strength of the surface and worsens the fatigue performance under variable loading. 

 
 Figure 5. Single tooth bending fatigue test results of test gears 

4.1. Tooth damage analyses 

In single-tooth bending fatigue tests, fracture is expected in gear tooth from the tooth root in progressive cycles 
depending on the load. As regards single-tooth fatigue test results in asymmetric gears, damage occurred both the tooth 
flank surface and tooth root. 

6 Author name / Structural Integrity Procedia  00 (2018) 000–000 

Damage on the tooth flank is not due to wear. Because there is no wear or friction in single-tooth fatigue test. Three 
type of damages were encountered on the tooth and these are explained as follows: 

1. At high torques, gear tooth with both hardness values have been damaged in relatively low cycles. At high 
loads, gear tooth with both hardness values have been fractured from tooth root, it is known damage form. 
As the number of cycles increases at lower torques, the shape of the damage changes. 

2. In the gear tooth with 48 HRC hardness, breaks occurred on the coast side flank surfaces which is in non-
contact at the high cycles. Due to high residual tensile stresses on the tooth flank surface, cracks and breakage 
due to fatigue on the coast side flank surface occurred under variable loading at high cycles. 

3. In the tooth with 38 HRC hardness, the residual tensile stresses on the coast flank surface are somewhat 
lower, so no damage is observed on the non-contact surface. In these tooth, the strength at the loading point 
is weakened due to the chordal tooth thickness and surface hardness. As a result, crack forms somewhat 
inside from the surface and grow up in the tooth inner surface. So fracture damage occurs in tooth. These 
two types of damage are rarely encountered in single-tooth bending fatigue tests and appear to be types of 
damage that occur in high cycles. Stahl et al. (2013) and Boiadjiev et al. (2015) described this kind of damage 
on the tooth flanks in a similar way. 
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lower, so no damage is observed on the non-contact surface. In these tooth, the strength at the loading point 
is weakened due to the chordal tooth thickness and surface hardness. As a result, crack forms somewhat 
inside from the surface and grow up in the tooth inner surface. So fracture damage occurs in tooth. These 
two types of damage are rarely encountered in single-tooth bending fatigue tests and appear to be types of 
damage that occur in high cycles. Stahl et al. (2013) and Boiadjiev et al. (2015) described this kind of damage 
on the tooth flanks in a similar way. 
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