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ABSTRACT 

In 2013, cracks were found in the radius of the dovetail slots of the rotor rim sheets in generator 1 

of Juktan hydro power plant in Västerbotten, Sweden. The cracks were estimated to be too deep to 

be able to repair and Alstom conducted an investigation on the cause of fracture. The investigation 

came to the conclusion that the radius was too small and that the new rotor rim sheets should have 

a six times greater fillet radius. However, it has not been investigated whether the material structure 

or the manufacturing process may have an impact on the crack initiation and following propagation 

that is the focus of this report. 

Parts of the dovetail slots were cut out and characterized with XRF, SEM and LOM. Further 

mechanical characterizations were done according to Vickers. 

From the SEM and LOM micrographs a high amount of large (10μm) and cubic particles were 

found in the microstructure. The micrographs also showed a deformation of the microstructure and 

the hardness test showed a deformation hardening near the edge where the sheet had been punched. 

The edge surface of the sheet also had notches. 

The large and hard particles in the microstructure impair the mechanical properties of the steel. 

Furthermore, the hardening effect combined with the notches will make a good crack initiation 

point. Therefore, there is a higher possibility that a crack will initiate in the radius of the dovetail 

slots where large stresses occur. 
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1. INTRODUCTION 

1.1 Background 

During a maintenance operation of changing the bolts in the rotor rim of the generator of Juktan 

hydro power plant in Västerbotten, Sweden, cracks were found in the fillet radius of the dovetail 

slots in the rotor rim metal sheets in which the poles are mounted. After measuring the depth of the 

cracks it was decided to replace all of the 10,000 rotor rim sheets in the rotor rim. Simultaneously 

the company Alstom started to investigate how the cracks had been initiated and came to the 

conclusion that the fillet radius was too small. In the replacement rotor rim sheets the fillet radius 

was increased from 3 mm in the old to 18 mm in the new [1]. 

 

Figure 1-1: A dovetail slot with a fillet radius. 

The small radius maybe is not the only part causing the crack initiation and following propagation. 

There can also be issues in the manufacturing or a material problem that will be the cause of failure 

for the rotor sheets. Similar cracks have earlier been discovered in Gejmån hydro power plant in 

Sweden and pump storage plants in the USA [2]. Furthermore, a pole was released from the rotor 

rim in a hydro power plant in Austria during an emergency shutdown, which increased the speed of 

the generator, which led to major damage on the hydro power plant [3]. All of these hydro plants 

were commissioned in the period of 1976 to 1979 and had a similar rated power. 

Juktan hydro power plant was initially a pump storage plant with a rated power of 350 MW 

between the years of 1979 to 1996 [4], which means that the unit was pumping water to a upper 

reservoir when the cost of electricity was low and was generating electricity when the electricity 

price was high. That means that the generator has to rotate both clockwise and counter clockwise. 

In 1996 the power plant was rebuilt to a conventional hydro power plant, which also reduced the 

power output to 30 MW. 

1.2 Purpose and Aim 

The aim of this project is to investigate if and in that case why the cracks were initiated and how 

they could propagate in the rotor rim sheets because cracks have been found in rotor rim sheets in 
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other hydro power plants and the consequence of a rotor rim failure can be disastrous. Because the 

earlier failure reports have not dealt with the material aspects, the purpose of this report is to 

investigate if there is some material problem that can be the cause or part of the cause of these 

cracks. 

Because there are many hydro power plants with similar design and materials in the rotor rim 

sheets it means that there can be several power plants that have these cracks or are in the danger 

zone even though they cannot be seen unless the poles are removed. 

2. THEORY 

2.1 Hydro Power Plant Theory 

A hydro power plant uses the head between water levels to extract electrical energy from potential 

energy of the water to kinetic energy by using a turbine that is linked to a generator. To increase the 

height between the water levels a so-called storage pump plant is used. Those hydro power plants 

are pumping water to an artificial or natural reservoir when the price of electrical energy is low and 

are generating electricity when the price of electricity is high. A larger head between water levels 

makes it possible to extract more electricity because of the higher kinetic energy in the water. 

 

 

Figure 2-1: One of the steel sheet in the rotor 

When the water makes the turbine rotate, a rotor rim with poles also will start to rotate and start to 

generate electricity. The rotor is built by a number of steel sheets (Figure 2-1, 10.2), which are 

laminated together with studs and nuts. The poles are slid into the dovetail slots and are keyed by a 

number of pole wedges [5] [6]. Pictures of the rotor rim and how the poles are attached to it can be 

found in 10.3. 
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2.2 Materials Theory 

Steel is an iron alloy with maximum 2% carbon and other alloys such as Mn, Ti, and Al for 

example. After casting, the material is hot or cold-rolled to control the mechanical properties. 

Metals are built up by different crystal structures depending on the alloying elements. In a crystal 

structure there are some places in the planes that may be empty, so-called dislocations. When the 

material is exposed for strain and stresses the dislocations start to move until they come to a barrier, 

such as a grain boundary or a hard particle. There they start to build so-called pile-ups and the 

density of dislocations will be increased. The material will then be harder and more brittle as a 

result of the fact that the higher amount of dislocations does not make the atoms in the lattice slip 

plane move as well as before. This phenomenon is called deformation hardening [7].        

3. METHOD 

To investigate how the cracks in the rotor rim sheets are initiated and then propagate, a number of 

tests were made. Those tests were: 

• Hardness test (Vickers)  

• SEM (scanning electron microscope) analysis  

• LOM (light optical microscope) analysis 

 

Figure 3-1: A metal sample cast into a Bakelite puck  

 

Before any of these tests were made, the sample pieces were sawn out using an angle grinder with a 

thin blade from two of the dovetail slots from the two available rotor rim sheets (Figure 3-1, 

pictures B and D). From those two dovetail slots six samples were taken out from different parts 

around the dovetail slots (Figure 3-1, pictures A and C). One crack was also sawn out from the 

dovetail sheet and opened to make it possible to analyse the crack. The metal samples were then 

cast into Bakelite puck (Figure 3-2) to make the samples fit into the LOM and the hardness testing 

machine. The samples were also grinded and polished in a number of steps to get a smooth and 

shiny surface for the metal.  
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Figure 3-2: Picture B and D show where from the rotor ring sheet the samples has been taken. A and C show 

where the samples who was cast into Bakelite where taken from. 

3.1 Hardness test 

Because the rotor rim sheets design was made by punching, a hardness test was conducted to see if 

the punching had an effect on the rotor rim sheets. To examine the hardness, a Vickers hardness 

test machine with 500 grams of load was used. Indentations were made on all of the six samples. 

Three different spots on all of the samples were selected, with intervals of 30 to 50 μm, 15 mm and 

30 mm from the punched edge. On these three spots, three indentations were made to get a good 

average value for the harness test. 

3.2 Microstructure and Composition Analysis 

To see how the microstructure of the material looks, and to examine the chemical composition of 

the main material in the rotor rim sheets and on inclusions and particles within the main material, a 

SEM was used. A number of micrographs on the fracture surface of the crack were also taken in 

the SEM with the purpose of finding striations that indicate a fatigue fracture. To examine the 

chemical composition, the EDS function in the SEM was used. In both the composition analysis 

and the micrographs, sample D was used. XRF scans were also made on three different spots on 

one of the rotor rim sheets (Figure 3-3). The scan was made two times with three scans each time. 

The first time, the rotor rim sheet was only washed with ethanol before the scanning, and the 

second time the sheet was grinded and washed with ethanol before the scans were made. 
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Figure 3-3: Spots on the rotor sheet there the XRF scan was made  

 Three samples (samples C, D, and E) were also photographed in LOM, without being etched the 

first time to make the particles and inclusions in the material more easily seen. A picture with low 

magnification was then taken of the samples to get an overview of the amount of particles in the 

material. Then all of the six samples were etched in 4% nitral for 10 seconds before LOM 

characterization at 10, 20, 50 and 100 times magnification were made, both in the punched area and 

in the middle of the material. 

The crack surface and the edge of the dovetail slot were also photographed in a stereo microscope 

for examination of how the crack was initiated and how it had propagated. 

4. RESULT 

4.1 Microscopic and Composition Results 

From the SEM microscopy a number of inclusions were found in sample D and the chemical 

composition of a few of them were taken. The result of composition showed that the inclusions 

were TiN, Al2O3 and TiS. 

 

Figure 4-1: Picture A show sample C in 5 times magnification and B show the same sample, but etch and in 100 

times magnification 
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In the LOM analysis, the microstructure showed a very oriented ferrite grain structure [8] with a 

high amount of large TiN particles (Figure 4-1A). Most of those particles appear with a cubical 

structure with an edge length of 10 μm (Figure 4-1B). The ferritic grain size is around 2-5 μm 

perpendicular to the orientation and around 5-10 μm parallel to the orientation of the 

microstructure. The pictures are also showing a smaller grain size near the punched edge, where the 

microstructure also is deformed. 

 

Figure 4-2: (A) The crack from the edge surface and (B) the crack from the fracture surface 

The micrographs of the crack from the stereo microscope (Figure 4-2) are showing a fracture that is 

similar to a cup-and-cone fracture with dimples [7]. In Figure 4-2 (B) it is also possible to see 

beach marks on the fracture surface that are indicating a fatigue fracture. It is also possible to see 

notching, probably from the punching tool on the edge of the rotor rim sheet. 

The composition analyses show that the rotor rim sheets are made of steel because the carbon 

contents in the material are under 2 wt.% as shown in 10.1 spectrum 8. The results also show that 

the steel is low alloyed steel with around 98 wt.% iron and 1.2 wt.% silicon as shown in Table 1. 

The XRF and the EDS analysis both showed the same results. 

Table 1 Results of the XRF scan 

 Fe Mo Nb Cu Mn V Ti S Si 

Average 

Ungrinded 

97.938 0.005 0.039 0.038 1.208 0.028 0.162 0.053 0.16 

Average 

Grinded 

97.611 0.005 0.038 0.035 1.228 0,022 0,153 0.035 0.485 

Average 

for all 

97.774 0.005 0.039 0.037 1.218 0.025 0.157 0.044 0.323 
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4.2 Hardness Results 

The results from the hardness test (Table 2) show that the material has a deformation hardening at 

the edge where the punching has been made. That can be seen because the hardness at the punched 

edge is significantly higher than the hardness measured on 15 and 30 mm from the edge. The 

hardness measured on 15 and 30 mm inside the material also shows the same result, which 

indicates that the higher hardness is only in the edge. 

Table 2: Result of the hardness test 

 Hardness HV (average) 

Sample At punched edge 15 mm from edge 30 mm from edge 

B 320 287 265 

C 362 278 270 

D 359 267 278 

E 348 274 277 

F 348 278 270 

H 335 279 261 

5. DISCUSSION 

The failure of the rotor rim sheet in Juktan was the second failure at a Vattenfall hydro power plant 

in Sweden where, within reasonable time, cracks have been found in the dovetail slots of the rotor 

rim sheets (Gejmån is the other hydro power plant). What at first looked like a random failure at 

Gejmån is more likely to been seen as a design or a material issue than a coincidence when similar 

cracks were found in Juktan. A study made by Alstom came to the conclusion that the fillet radius 

in the dovetail slots was too small and replacement rotor rim sheets have a six times greater fillet 

radius. 

The generator, which originally had a rated power of 350 MW between 1979 and 1996, generates 

big forces on the dovetail slots in the rotor rim sheets because the poles, which are mounted in the 

dovetail slots were exposed to both centripetal and electrostatical forces while running, especially 

when the generator has a high amount of starts and stops. A small fillet radius and an edge that bore 

marks after punching, combined with large forces, will create a good region for a crack to be 

initiated. When the crack surface was examined the crack looked more like a cup-and-cone fracture 

than a fatigue fracture [7]. When the microstructure was examined in LOM and SEM, a large 

amount of particles were found (Figure 4-1A) inside the material. The particles consist mostly of 

titanium nitrides, titanium sulphides and aluminium oxides. Similar cubic particles have earlier 

been found and identified as titanium nitrides in other studies, but in smaller sizes compared to 
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those particles found in this study, where particles with an edge length of 10 μm were found [9]. 

The large amount of particles combined with the big size of the particles result in a decreased 

fracture strain [7]. Smaller particles may improve the mechanical properties of the material in that 

the smaller the particles are, the better mechanical properties the material will have [10]. With this 

knowledge, the conclusion can be made that bigger particles impair the mechanical properties of 

the material. 

The particles’ shape and hardness also have an impact on the mechanical properties of the material. 

Hard particles, such as the titanium nitrides [11], in a soft ferritic main material, are working as 

crack initiators for cracks and voids inside the material. The cubic shape of the particles will also 

make it easier for the particles to create micro cracks. 

The edge also has a deformation hardening effect, likely from the punching, which is determined 

from the smaller grain size and the deformed microstructure seen in the LOM micrographs. This 

hardening effect on the edge of the rotor rim sheet will make it harder for the slip planes inside the 

material to move, and as a consequence the material will behave in a more brittle manner at the 

edge. This hardening effect has also been shown in other studies [12]. Also, scratches were found 

on the edge of the rotor rim sheets. Those scratches form good crack initiation points on the edge of 

the rotor rim sheet. The scratches, together with large stresses in the fillet radius area, which have 

been examined in FEM models by Alstom and Voigt [1] [13], along with the deformation 

hardening at the edge and the high proportion of particles in the material that affect the material’s 

mechanical properties in a negative way (Figure 5-1 Fig. 5-3 s. 177, Stefan Jonsson), make the 

fillet radius in the dovetail slots an optimum place for crack initiations. 

 

Figure 5-1 Fig. 5-3 s. 177, Stefan Jonsson [7] 

The crack in Figure 4-2 is similar to a cup-and-cone fracture, which arises when hard particles are 

inside a relatively soft main material. When the soft material is elongated, the hard particles are 

unable to elongate at the same speed and voids inside the material start to appear. When the 
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elongation is continued the voids will be bigger and start to grow together with each other, which 

will leave cavities inside the steel and lead to less material to hold the steel together. Those cavities 

can be seen in Figure 4-2. 

 

Figure 5-2: Left: Illustration of stress strength diagram for a dimple fracture. Fig. 5-2 s. 176, Stefan Jonsson [7] 

Right: A diagram of a stress strength test of the rotor rim sheets [14] 

The cup-and-cone fractures often have a small necking as seen in the left picture in Figure 5-2. The 

tensile tests, conducted by ABB from Juktan’s rotor rim sheets (right picture Figure 5-2) [14], show 

a small necking on the stress strength diagram. The stress strength curves between the two pictures 

in (Figure 5-2) are also similar to each other, which indicates that the fracture in the test ABB 

conducted was a cup-and-cone fracture. 

Unfortunately, it was impossible to see anything in the fracture surface of the crack in the SEM 

because of oxide layers. But after the rebuilding and converting of Juktan hydro power plant from a 

storage power plant to a conventional hydro power plant there were issues in balancing the 

generator. That makes it more likely that the crack appeared when Juktan was a storage power 

plant. The oxide layers on the cracks also indicate that the crack had been on the rotor rim sheet for 

a long period of time and had not been initiated when Juktan was a conventional hydro power plant 

with a rated power of 30 MW [4]. 

Because only two sheets out of 10,000 were recovered from the rotor rim, there is an uncertainty 

whether the results in this report are representative for the rest of the sheets in the rotor rim or if 

only those two sheets were of bad quality. However, the fact that cracks have been found and 

documented in many sheets in Juktan and Gejmån, combined with the fact that cracks have 

appeared at a pump storage plant in the US and a pole has been loosened from a generator in 

Austria, it seems likely that tests of the other rotor rim sheets in Juktan should have showed the 

same results. Those two plants in the US and Austria also have similarities in rated power and were 

built at the same time as Juktan, which makes it likely that other plants from this period of time and 

with this rated power also have or are in the danger zone of getting those cracks in the rotor rim 

sheets. 
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6. CONCLUSION 

As the results from the tests have shown, the particles together with the deformation hardening 

from the punching will make it easier for a crack to initiate and propagate from the high stressed 

areas on the rotor rim sheet, as in the fillet radius of the dovetail slots. Reports are also showing 

that the crack length increases with more start and stop cycles on the rotor [13]. The high amount 

of large particles in the examined rotor rim sheets also decreases the sheets’ mechanical properties, 

meaning that fractures will more easily propagate in the material. With these facts, it is likely, after 

comparing with other failures similar to this, that the rotor rim sheets in other hydro power plants 

can have the same problems as those in Juktan. 

7. RECOMMENDATIONS 

Because of the restricted time on this project, all the tests were not conducted. The test that should 

be done is a fatigue stress strength test with the same forces and cycles as on the generator before it 

was converted to less than a tenth of the rated power, in order to investigate if the cracks appear 

during the run of the rotor rim or if it was the many starts and stops that caused the crack. It is also 

recommended to look at the grain orientation from the top and not only from a cross section. A test 

that also should be conducted is to see how the friction between the sheets is affecting the 

mechanical properties and the probabilities of a crack initiating. 

It is also recommended to check the rotor rim sheets in generators from the same time period, with 

similar design on the rotor rim sheets and rated power as Juktan. 
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10. APPENDIX 

10.1 SEM RESULT  

 

 

 

 

 

 

 

 

 



 

   

16 

 

  



 

   

17 



 

   

18 



 

   

19 



 

   

20 



 

   

21 

 
  



 

   

22 

 

10.2 Blueprint Rotor Sheet 

 

Rotor rim sheets that build up the rotor rim in Juktan. The tests have been conducted on part no. 3. 
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10.3 ABB Tensile test 

 

Picture from ABB [14]  
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10.4 Overview Generator 

 

Rotor rim seen from the top with six poles mounted. 
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Generator as it is in the power plant. Seen in cross section. 

 

 


