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Abstract 

 

This paper presents an ultrasonic inspection of fretting cracking in generator teeth. Access 

restriction to the fretting surface to be inspected is applied. The angle between the fretting 

surface and the top surface of a tooth where ultrasonic transducer rests is varied dependent on the 

manufacturer and the mode of the power generator. A model has been developed which allows 

quick calculation of the optimum orientation of an ultrasonic transducer of a specific beam angle 

for a fretting crack of a specific orientation. This model has been verified by experimental 

measurements. This work is very useful for the design of an array of transducers for automatic 

“one-pass” ultrasonic inspection of rotor tooth fretting cracking.  
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1. Introduction 

Typical generators used to produce electrical power employ rotor shafts having field teeth 

and wedges for retaining the field conductors. Typical field teeth and wedge designs employ a 

plurality of wedges that are arranged in a butt joint fashion along the length of an adjacent tooth, 

and dovetail engagement surfaces that serve to constrain the wedges during rotation of the rotor. 

During operation, movement of the wedges causes relative movement across the butt joint of two 

adjacent wedges, which in turn may cause fretting on the load surface of the tooth that is serving 

to constrain outward radial movement of the wedges. Fretting on the load surfaces at the butt 

joint between wedges can cause crack initiation at this location[1-3]. 

The danger of a crack to structure integrity is much larger than other types of defects 

because of the excessive stress at the edge of a crack which leads a quick and easy further 

development[4]. Works have been done to predict the life of a structure that is subject to fretting 
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cracking[4], and to predict the extension of a crack under fretting wear loading conditions[5], and 

to quantitatively analyze fretting cracking degradation[6]. 

For a structure in service, it is desirable to carrying out no-destructive testing (NDT) to 

detect and characterize the fretting cracking[7, 8]. There are many effective NDT methods in 

practical applications. Eddy current testing is suitable for the inspection of surface or near 

surface breaking crack because the eddy current mainly is generated within an electromagnetic 

skin depth of the material at the frequency of the eddy current[9, 10], but the eddy current sensor 

must over the crack. 

Surface wave or Rayleigh wave technique is a very effective method for the detection and 

sizing of surface or near surface breaking crack[11-12]. The transducers are not requested to rest 

over the crack. Creeping technique is also useful method for near surface defect detection which 

generates longitudinal wave propagating parallel to the surface within vicinity of the surface. 

Either Rayleigh wave technique or creeping wave technique requests that the transducers or laser 

be on the same side of the surface under inspection. 

The requested ultrasonic path of rotor teeth inspection using bulk wave technique is in the 

range 15-35 mm. Therefore, high frequency and wideband ultrasonic wave is demanded. EMAT 

bulk wave technique is not the best choice[2]. Phased array transducers have the advantages of 

ultrasonic beam steering and dynamic focus over conventional single crystal transducers. Since 

each element of a phased array transducer is very small, its capacitance is small. The electrical 

circuit of the phased is easily to be balanced for desirable ultrasonic generation. On the other 

hand, a phased array transducer generally has a large size (the total size of all the elements of the 

phased array transducer), therefore, it has a deep penetration of ultrasonic wave. In the patent[1], 

the ultrasonic wave is substantially normal to the surface to be inspected. As a result, the echo 

reflected from the surface is very large, much larger than the ultrasonic response of general 

defects. For the rotor inspection considered here, surface reflection echo may overlap with a 

defect echo and overshadow the later.   

In this paper, an ultrasonic echo technique is to be presented, which uses conventional 

single crystal transducers. For a crack of a specific orientation, there is an optimal orientation (or 

often called skew angle in ultrasonic NDT) of the transducer to detect the crack. A model has 

been developed to predict the skew angle of the transducer, which has been well verified by 

experimental measurements. Transducer array is considered to cover cracks of possible 

orientation. 

 

2. Method 

A volume is the most easily detected. For a ball-shape cavity, whatever direction the 

ultrasonic beam is incident in, there is always some part of the incident ultrasonic wave being 

reflected back and received by the transducer that transmits the ultrasound. For a planar-shape 

defect with a sample, it is ideal that ultrasonic beam is normal to the flat surface of the defect. 
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2.1 Measurement setup 

Figure 1 shows the cross section of two teeth in a typical power generator. A fixing wedge 

is used to prevent the conductors below it to fly away from the rotor during high speed turning. 

Fatigue fretting between the fixing wedge and the side surfaces of the rotor teeth as showing as 

two lines AA′ and BB′, occurs. It can lead fatigue fretting cracking on the side surfaces. For 

convenience, the side surface is denoted fretting surface in this paper. Figure 2 is a close look of 

the fretting surface of figure 1. The fretting surface AA′ has an angle of δ with the top surface. 

Figure 3 shows a crack on the fretting surface in a tangential view. The crack has an orientation 

of α (skew angle) with the length direction of the tooth. Figure 4 shows measurement setup. The 

transducer has an orientation of β (skew angle) with the length direction of the (top view) tooth 

and a beam angle of θ. (side view).  
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Figure 1 Schematic cross section of two teeth with the conductors 

and the fixing the wedge.  

Figure 2 Cross section view of the tooth. The side surfaces A'A has an angle of 

δ with the top surface.  
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2.2 Orientation and beam angle of transducer 

Considering a surface breaking crack that is normal to the fretting surface. A surface 

breaking crack of a skew angle of 0° can be detected the most easily in the crack inspection 

considered here. Transducer of any beam angles can be used. When δθ > , the orientation of the 

transducer is 270°, whilst δθ ≤ , the orientation of the transducer is 90.  

The width of the top surface of the tooth in a rotor is around 25 to 35 mm and the depth of 

the fretting surface is between 15 to 30 mm. A transducer of beam angle larger than 45° is not 

suitable. A normal transducer is chosen if the angle of the fretting surface is larger than 38°. 

However, a normal transducer can only detect a crack of an orientation around 0° or 180°.  

We consider the detection using angled shear wave transducers. A model has been 

developed that allows calculating the optimum orientation of a transducer of any beam angle for 

a crack of any orientation.  

Figure 5 shows the calculated optimal transducer orientations against crack orientation for 

beam angles of 70°, 60°, 50° and 30° respectively for the fretting surface of angle of 45° with the 

top surface. The result for normal ultrasonic beam is not presented in the figure. Theoretically, 

the normal ultrasonic beam can only detected crack of orientations around 0° or 180°. 

When the absolute value of the derivative of the transducer orientation over the crack 

orientation angle at a crack orientation is small, the crack can be detected more easily. As seen in 

the figure, cracks of orientations around 0° or 180° (the line of the crack surface and the fretting 
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Figure 3 Tangential view of the side surface with a crack DD′. 

Figure 4 Top view and side view of measurement setup.  
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surface is more parallel to the top surface), can be detected by transducers of any beam angles. 

For a crack of an orientation around 90°, it can be detected using a transducer of beam angles 

larger than the angle of the fretting surface with the top surface from two orientations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Influence of ultrasonic beam 

In figure 5, we have presented the optimum transducer orientation for a crack of a specific 

orientation. The transducer at this optimum orientation can also detect cracks of orientation 

around the specific crack orientation, which is dependent on the ultrasonic beam that is 

controlled by the crystal diameter, frequency, bandwidth, the distance to the crack and relative 

orientation to the fretting surface under inspection.  

After the focus length, the ultrasonic field is called far field, where the intensity of 

ultrasonic field decreases with distance due to ultrasonic beam spread. The half ultrasonic beam 

angle of a flat circular crystal is given by 








=
ddB

λγ 22.1)sin(       (2) 

Because every transducer has a finite diameter of the crystal and its ultrasonic beam 

spreads, an ultrasonic transducer of a specific orientation as given in figure 5 can detect cracks of 

a specific orientation range, rather than a specific orientation.  

Figure 5 Optimal transducer orientations against the crack orientations. 
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3. Experimental measurements 

3.1 Test blocks and instruments 

A test block of the shape of rotor tooth has been made as shown in figure 1. The fretting 

surface to be inspected has the depth range 5 to 15 mm, and an angle of 45° with the top surface. 

Six slots are made on the fretting surface with details shown in table 1. 

Longitudinal probes of beam angle 0°, crystal diameter 10 mm and frequency 5 MHz, and 

shear wave probes of beam angles 60° and 70°, crystal diameter 10 mm and frequency 4 MHz 

are used in this work.   

 

Slot No.     Orientation                    Dimension (mm) 

                                                          (Length / Width) 

  1                    0°                                 1.46 / 5 

  2                    45°                               1.97 / 5 

  3                    90°                               1.96 / 5 

  4                    67.5°                            0.49 / 2.5 

  5                    22.5°                            0.50 / 2.5 

  6                    67.5°                            1.99 / 10 

 

              Table 1  EDM slot details 

 

3.2 Crack detection 

The transducers that can be used for the detection of these slots are presented in Table 2. 

For slots No. 1 and 5, there is limited space on the top surface of the rotor tooth to allow 

ultrasonic waves that are generated by a transducer of a large beam angle such 70° to reach the 

slots. As predicted in figure 5, the transducers get their maximum amplitude of the signal from 

the slots at corresponding optimum transducer orientations.  

In ultrasonic NDT, the detection sensitiveness of the used flaw detector is crucial. Surface 

breaking crack detection presented in this paper is in fact the corner reflection of the tooth 

fretting surface and the crack surface. Rather than using traditional side-drilled holes or flat-

bottom holes for the detection sensitiveness calibration, this paper use the corner of the end 

surface of the tooth and the fretting surface of the tooth as reference reflector. The advantages 

are that the material and ultrasonic reflection mode of the reference reflector are exactly the same 

as surface breaking cracks concerned.  

Figure 6 shows typical measured A-scan waveforms. Top waveform is measured at the end 

corner of the rotor tooth with 80 percent Full Screen Height (FSH) at a gain of 20.25 dB, whilst 

bottom waveform is measured at the crack No. 2 shown in table 2 with 80 percent FSH at a gain 
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of 25.50 dB. A 60° shear wave transducer of diameter of 10 mm and frequency 4 MHz was used. 

 

Slot No.               Beam angles for detection                                                    

  1*                          0°,  

  2                           60°, 70° 

  3                           60°, 70°                  

  4                           60°, 70° 

  5**                         60° 

  6                           60°, 70° 

                * 60° or 70° shear wave probes are not applicable because they require a large standoff.  
**  70° shear wave probes are not suitable because they require a large standoff.  

Table 2  Slot detection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusion and discussions 

This paper has demonstrated ultrasonic echo technique for rotor tooth inspection. A model 

has been developed to allow the calculation of the optimum transducer orientation for a crack of 

a specific orientation. Experimental measurements have well verified the predictions. It should 

be noted that the optimum transducer orientation is dependent on the angle between the fretting 

surface and the top surface of the rotor tooth. 

Due to ultrasonic beam spread, ultrasonic waves that generated by a transducer propagate 

at a range of beam angles. Therefore, a transducer that orients at the optimum direction for a 

crack of a specific orientation can not only detect the crack, but also the cracks that have the 

End reflection 
20.25 dB 80% Full Screen Height 

Slot No. 2 
25.25 dB 80% Full Screen Height 

Figure 6 Typical A-scan waveforms measured at the tooth end and the surface breaking crack 
(No. 2 in Table 2).  
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orientations around the specific crack direction. A transducer array may be designed to use a set 

of transducers to cover all the possible crack orientations. Such a transducer array is very useful 

for automatic ultrasonic inspection of rotor teeth. With the array, only 1-axis scanning along the 

length direction of the tooth is requested for full inspection of the tooth.  

The detectable orientation range of crack is dependent on the characteristics of the 

transducer and the relative position of the transducer and the crack. The transducer parameters 

should be chosen carefully so that the demanding number of ultrasonic transducers in the array is 

minimised, and the array have sufficient lateral and axial resolution and detection sensitiveness.  
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