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Abstract 
 
The task of this thesis is to test different adhesives uses in electrical driver for high 
performance applications. The purpose is to investigate possible replacements to the currently 
used adhesive which will be obsolete in short term. This task is approached by first doing a 
literature search for typical testing methods for adhesives and which ones are appropriate for 
Moog.  Then, a test rig is designed to accomplish these tests. Finally, the tests are evaluated 
and analysed to find out the best replacement adhesive.  
 
 
Zusammenfassung 
 
Diese Arbeit beschäftigt sich mit verschiedenen Klebern für die Magnete der Moog DC 
Motoren. Das Ziel ist es, einen Ersatz für den derzeit verwendeten Kleber zu finden, da dieser 
abgekündigt ist.  
Dafür wird zuerst eine Literaturrecherche bezüglich möglicher Versuchsmethoden zum Test 
von Klebeverbindungen der verfügbaren Kleber durchgeführt und entschieden,  welche am 
besten für Moog geeignet sind.  
Es wird ein Versuchsstand konstruiert und verschiedene Kleber damit getestet. Nach 
Auswertung und Analyse der Ergebnisse wird ein Ersatzkleber für die Moog-Anwendung 
empfohlen.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 2

 
1.0 Background ......................................................................................................................... 5 
2.0 Introduction ........................................................................................................................ 7 

2.1 Thesis work ...................................................................................................................... 7 
2.2 Short introduction to adhesives ........................................................................................ 7 
2.3 Short introduction to electrical motors ............................................................................. 8 

3.0 Method and procedure ....................................................................................................... 9 
3.1 Literature search ............................................................................................................... 9 
3.2 Selecting test rack ........................................................................................................... 10 
3.4 Designing the test rig ...................................................................................................... 12 

4.0 Tests ................................................................................................................................... 13 
5.0 Adhesives ........................................................................................................................... 16 
6.0 Preparation ....................................................................................................................... 18 

6.1 Quick test ........................................................................................................................ 18 
6.2 Test of the all the apparatus ............................................................................................ 18 
6.3 Questionnaire ................................................................................................................. 19 

7.0 The Test Rig ...................................................................................................................... 20 
7.1 Shear test rig ................................................................................................................... 20 
7.2 Tensile test rig ................................................................................................................ 25 
7.3 Gluing shaft .................................................................................................................... 25 
7.4 General information about the test rigs .......................................................................... 26 
7.5 Improvements ................................................................................................................. 26 

7.5.1 Shear test rig ............................................................................................................ 26 
7.5.2 Tensile test rig ......................................................................................................... 30 
7.5.3 Temperature tests .................................................................................................... 31 

8.0 Method ............................................................................................................................... 32 
8.1 Shear tests ....................................................................................................................... 32 
8.2 Tensile tests .................................................................................................................... 34 
8.3 Temperature tests ........................................................................................................... 34 

9.0 Observations ..................................................................................................................... 35 
9.1 General observations ...................................................................................................... 35 
9.2 Experienced difficulties .................................................................................................. 36 
9.3 Vibrations ....................................................................................................................... 36 
9.4 Temperature tests ........................................................................................................... 36 
9.5 Adhesive 1 ...................................................................................................................... 36 
9.6 Adhesive 2 ...................................................................................................................... 37 
9.7 Adhesive 3 ...................................................................................................................... 39 

10.0 Results ............................................................................................................................. 42 
10.1 Shear tests ..................................................................................................................... 42 

10.1.1 Original rotor lamination stack with original magnet ........................................... 42 
10.1.2 Original rotor lamination stack with original magnet at 120 °C ........................... 44 
10.1.3 Original rotor lamination stack with original magnet at -46 °C ............................ 45 
10.1.4 Steel rotor lamination stack with original magnets ............................................... 46 
10.1.5 Steel rotor lamination stack with steel magnet ...................................................... 47 

10.2 Tensile strength ............................................................................................................ 48 
10.2.1 Two steel magnets ................................................................................................. 48 
10.2.2 Steel magnets with the one of the magnets surface scratched ............................... 49 

10.3 Additional shear tests ................................................................................................... 50 
10.3.1 Original rotor lamination stack with original magnets with a thin layer of activator
 .......................................................................................................................................... 50 
10.3.2 Steel lamination stack with original magnets with a thin layer of activator ......... 51 



 3

10.3.3 Steel rotor lamination stack steel magnets with a thin layer of activator .............. 52 
10.4 Additional tests Tensile ................................................................................................ 53 

10.4.1 Thin layer of activator ........................................................................................... 53 
10.4.2 Activator sprayed on ............................................................................................. 53 
10.4.3 Pressure ................................................................................................................. 53 
10.4.4 Mesh around .......................................................................................................... 54 

11.0 Comparison ..................................................................................................................... 55 
11.1 Shear Strength .............................................................................................................. 55 

11.1.1 Original Rotor lamination Stack and Original Magnets ........................................ 55 
11.1.2 Steel Rotor Lamination Stack and Original Magnets ............................................ 56 
11.1.3 Steel Rotor lamination Stack and Steel Magnets .................................................. 56 

11.2 Tensile strength ............................................................................................................ 57 
12.0 Bond safety assessment .................................................................................................. 58 

12.1 Shock resistance ........................................................................................................... 58 
12.2 Centrifugal force .......................................................................................................... 58 
12.3 Motor stall .................................................................................................................... 59 

12.3.1 Example 1 .............................................................................................................. 59 
12.3.2 Example 2 .............................................................................................................. 60 

13.0 Conclusion ....................................................................................................................... 61 
14.0 Outlook ............................................................................................................................ 62 
15.0 References ....................................................................................................................... 63 

15.1 Books ............................................................................................................................ 63 
15.2 Internet ......................................................................................................................... 63 

16.0 Attachments .................................................................................................................... 64 
16.1 Rotor lamination stack ................................................................................................. 64 
16.2 Magnets ........................................................................................................................ 66 
16.3 Quick test ...................................................................................................................... 68 

16.3.1 Background ........................................................................................................... 68 
16.3.2 Method .................................................................................................................. 68 
16.3.3 Tests ...................................................................................................................... 68 
16.3.4 Calculations ........................................................................................................... 69 
16.3.5 Result and Conclusion ........................................................................................... 69 

16.4 Drawing Grundplatte .................................................................................................... 71 
16.5 Drawing Paket Halter ................................................................................................... 72 
16.6 Drawing Steel rotor lamination stack ........................................................................... 73 
16.7 Drawing Gleit cylinder ................................................................................................. 74 
16.8 Drawing Druckstück .................................................................................................... 75 
16.9 Drawing Druckstange ................................................................................................... 76 
16.10 Drawing Zugstange .................................................................................................... 77 
16.11 Drawing Magnet ......................................................................................................... 78 
16.12 Drawing Welle zum bekleben .................................................................................... 79 
16.13 Drawing Platte zum bekleben .................................................................................... 80 
16.14 Calculations ................................................................................................................ 81 

16.14.1 Index .................................................................................................................... 81 
16.14.2 Important to know ............................................................................................... 81 
16.14.3 Expansion of the internal diameter of the rotor lamination stack ....................... 81 
16.14.4 Steel Magnet ........................................................................................................ 82 
16.14.5 Minimum allowed diameter of the Druckstange and Zugstange ........................ 83 
16.14.6 Buckling on the Druckstange .............................................................................. 84 
16.14.7 The pin in the machine ........................................................................................ 85 
16.14.8 Pin in the Zugstange ............................................................................................ 85 



 4

16.14.9 Calculations for the Centrifugal force ................................................................. 86 
16.14.10 Magnetic force ................................................................................................... 87 

16.15 Adhesive 1 .................................................................................................................. 88 
16.16 Adhesive 2 .................................................................................................................. 89 
16.17 Adhesive 3 .................................................................................................................. 90 
16.18 Screw calculation with Hexagon ................................................................................ 91 
16.19 Matlabcode ................................................................................................................. 92 
16.20 Result graphs .............................................................................................................. 93 

16.20.1 Shear tests Adhesive 1 ......................................................................................... 93 
16.20.2 Shear tests Adhesive 2 ....................................................................................... 102 
16.20.3 Shear tests Adhesive 3 ....................................................................................... 109 
16.20.4 Tensile strength Adhesive 1 .............................................................................. 116 
16.20.5 Tensile tests Adhesive 2 .................................................................................... 118 
16.20.6 Tensile tests Adhesive 3 .................................................................................... 121 
16.21.7 Additional test ................................................................................................... 123 

16.22 Minimum strength calculations ................................................................................ 130 
16.23 System schedule for the test rack ............................................................................. 131 



 5

1.0 Background 
 
“Adhesive – a substance capable of holding at least two surfaces together in a strong and 
permanent manner.”1  
 
Even though one may not realise it, adhesives are all around us and used widely in our 
everyday life. Many of the products, that we use daily and take for granted, would not exist 
without adhesives.  
 
The first definite evidence for adhesive, that has been discovered, dates back over 8000 years 
ago. We know, for example, that the Egyptians glued together furniture with adhesives made 
from plants and animals.2 Their Papyrus was also glued together with sap from the papyrus.3 
Even pre-historic tribes glued together their broken pottery with tree sap.4 However, there are 
some indications for even earlier use of adhesives that reaches back even as far as 36000 
years ago.5 
 
Until the Industrial Revolution, the only kind of adhesive that was used was natural adhesives 
made from animals and plants. During this time, modifications were made to get better 
adhesives. However, after the Second World War the evolution of plastics really began and 
therefore also the usage and development of adhesives really appeared as we know them 
today. Since then, almost all natural made adhesives have been replaced with new and better 
developed synthetic adhesives.6  
 
Nowadays, adhesives are frequently used in many different areas; in automotive, aerospace, 
electronics, medicine and sporting areas and more.7 Adhesives have many advantages 
compared to screws and rivets, which will affect the cross-section area. It will distribute the 
force and stress uniformly throughout the material, it will reduce the weight, and in big series 
of production it will be more economical.8 The stress distribution in the material of adhesives, 
compared to rivets and welding, can be seen in Figure 1.  
 

                                                 
1 Handbook of Adhesives and Sealants, page 3 
2 Strukturelles Kleben und Dichten, page 9. 
3 Strukturelles Kleben und Dichten, page 10. 
4 http://www.stickwithhenkel.com/student/history.asp 
5 http://www.mnsu.edu/emuseum/prehistory/ancienttech/adhesives.html 
6 Strukturelles Kleben und Dichten, page 10-11 
7 The Science and Engineering of Materials, Page 599. 
8 Roloff/Matek Maschinenelemente, page 89. 



 6

 
Figure 1 illustrates the stress distribution in the material of adhesives compared to rivets and 

welding.9 
 
However, adhesives also have disadvantages. The material may need to undergo expensive 
finishes to make sure that the adhesive bonds properly with the material. It might take a long 
time before the adhesive is 100% cured or it might need to undergo pressure or curing 
processes.10 Adhesives are also sensitive to temperature change, as the strength of the 
adhesive will decrease when the temperature rises.  
 
Even though there have been accidents, where failures of adhesives have played a big part, 
such as the Aloha Airline flight 243 in 1988, where a big part off the roof fell off during 
flight, we still often trust our life to adhesives. If one intends to use adhesives one will have a 
hard time selecting the correct one, since there are many factors that has to be taken into 
account. Therefore, the research and science about adhesives have never been more important 
then they are today.11 
 

                                                 
9 http://loctite.fast.de/wwdh/us/index.htm 
10 Roloff/Matek Maschinenelemente, page 89. 
11 Handbook of Adhesives and Sealants, page 2 
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2.0 Introduction 
 

2.1 Thesis work 
 
This Thesis work was done at the company Moog GmbH in Böblingen, Germany at the 
department of Engineering Systems (ES) where they design and manufacture high 
performance brushless motors for special applications. The background and aim of this work 
is to investigate possible replacements to the currently used adhesive, Adhesive 1 that is used 
to glue the permanent magnets on to the rotor lamination stack.12 This has to be done since the 
adhesive that is in use today will not be manufactured anymore. Therefore, ES has to select 
another adhesive to replace it. The two choices fell on the adhesive that the industrial part of 
Moog already uses, Adhesive 2 or the further development of it, Adhesive 3. Even though 
Adhesive 1 will be replaced, it is included in the tests to get a comparison between the old 
adhesive and the new ones.  
 
The Thesis work will include a literature search for typical testing methods for adhesives, plan 
and design a new test rig, performing different tests for the three different adhesives, evaluate 
and analyse the results and documentation of the results.  
 

2.2 Short introduction to adhesives 
 
The bonding property of an adhesive depends both on the strength between the adhesive and 
the parts and the strength inside the adhesive. The bonds between the adhesive and the part 
are called adhesion. The strength of the adhesion could vary depending on the material, purity 
of the material and the surface. The bonding properties also depend on the strength inside the 
adhesive itself, which is called cohesion. Both inside the adhesive and between the adhesive 
and the part, there are Van der Waals bonds.13 In Figure 2 the different bonds can be seen. 
 
 

 
Figure 2 illustrates the different bonds inside the adhesive and between the adhesive and the 

part.14 
                                                 
12 See Attachment 1. for explanation. 
13 http://www.paulkuhn.de/kleben/klebetechnik?start=1 
14 http://adhesives.org/TrainingEducation/StudentResources/AdhesionandCohesion.aspx 
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2.3 Short introduction to electrical motors 
 
An electrical motor is build up from a number of main parts. The different parts and how an 
electrical motor could look like can be seen in Figure 3 In the middle of the motor, the rotor 
shaft with the rotor lamination stack can be found, where the permanent magnets are glued on. 
The rotor shaft is also connected directly to a positioning sensor (e.g. magnetic encoder). The 
positioning sensor is necessary to detect the position of the rotor shaft. The rotor shaft is also 
the only part that will be visible outside the housing and where the load will be connected to. 
The rotor lamination stack will rotate inside the armature iron core and armature coil. The 
armature iron core and the armature coil will develop a magnetic field, which makes the rotor 
rotate. All these applications will be mounted inside the housing, which will keep the different 
parts in the right place and protect them.  
 

 
Figure 3 illustrates the main parts of a electrical motor.15 

 
 

                                                 
15 http://www.hiservo.com/index.php?lay=show&ac=article&Id=538770043 
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3.0 Method and procedure 
 

3.1 Literature search 
 
First of all, a literature search for typical methods for testing adhesives had to be done. 
Different typical testing methods can be seen in Figure 4. More information about different 
typical testing methods can be found in any of Loctite Worldwide Design Books. However, 
all the literature describes the same basic methods. The basic loads are tensile, shear, cleavage 
and peeling.16 After the literature search, a decision had to be made, which of these tests that 
had to be done. Together with engineers from Moog, the decision fell on testing the shear 
strength and the tensile strength. More about the testing can be found in the part “Tests”.  
 
 
 
 

 
Figure 4 illustrates the five most common testing methods for adhesives and the stress 

distribution in the adhesive.17 
 

                                                 
16 Handbook of Adhesives and Sealants, page 94. 
17 http://loctite.fast.de/wwdh/us/index.htm 
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3.2 Selecting test rack 
 
When the different tests were defined through literature search, an available and suitable 
machine had to be found to implement the respectively required testing. Two different 
apparatus were found. A press, which is operated by hand and a hydraulic driven machine, 
which is used for different tests in the Moog test lab. The test rack can be seen in Figure 5. 
 
The choice fell on the hydraulic driven test rack, due to the fact that it is hydraulically 
controlled and a measuring device was already installed, which this could be used to find out 
the test results. This measuring device shows the force in Newton. The measuring device can 
be seen in Figure 6. On the other hand, it does not have a recording function, which was 
necessary. Therefore, another measuring device was used as well, a so-called Siglab. This 
Siglab measures Volts and is connected to a computer. The already existing measuring device 
can be set, so that it will send out one millivolt for one Newton. 
 
The computer programs that were used are Matlab and together with the program for the 
Siglab. Through Matlab a graph of the test can be made and thereby get the result. All the 
graphs can later be seen in 16.20 Result graphs. A system schedule for the chosen test rack 
and the measuring devices can be seen in 16.23 System schedule for the test rack. 
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Figure 5 shows the chosen test rack and its measuring device. 

 
 
 

 
Figure 6 shows the original measuring device for the test rack. 
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3.4 Designing the test rig 
 
When the apparatus was chosen, the attachment fixtures and the test rig had to be designed. 
First of all, some brainstorming was done, where different ideas and thoughts was presented 
by simple sketches.18 Afterwards, a form of morphological discussion took place with 
engineers from Moog. During the morphological discussions, the sketches from the 
brainstorming were discussed, and different parts from the different ideas was taken and 
combined to select the final concept.19 Once the concept was chosen, a 3D model and a 
drawing over the test rig were done in a CAD program. When designing a test rig, 
calculations had to be carried out to make sure the rig and the test rig and attachments were to 
endure for the expected loads. The drawings were then given to the workshop to be 
manufactured.  
 

                                                 
18 The Mechanical Design Process, page 157. 
19 The Mechanical Design Process, page 164. 



 13

4.0 Tests 
 
The tests that were selected are shown below:  
 

• Shear strength: 
- Original rotor lamination stack with original one inch magnet at room 

temperature. 
- Original rotor lamination stack with original one inch magnet at 120 °C. 
- Original rotor lamination stack with original one inch magnet at -46 °C. 
- Steel rotor lamination stack with original magnet at room temperature. 
- Steel rotor lamination stack with steel one inch magnet at room temperature. 

 
• Tensile strength: 

- Two one inch steel magnets glued together. 
- Two one inch steel magnets with one of the magnets surface scratched to 

resemble the gaps on a real package. 
 
These tests were chosen because they were the most appropriate for rotor applications. The 
tensile strength is rarely shown in the data sheets, provided by the adhesive manufacturer, 
since pure tensile stress is rare in real life.20 However, the tensile strength is important for 
Moog to know, for the reason that the rotor lamination stack will rotate inside the motor and 
thereby develop a centrifugal force, which is very close to pure tensile stress. The faster the 
rotor rotates, the bigger the centrifugal force. If the adhesive does not have a strong enough 
tensile strength, the magnet could break loose and destroy the motor. This could have serious 
consequences for the application when the motor is installed. To prevent this to happen, Moog 
wraps a so-called bandage around the rotor lamination stack with the magnets. However, this 
will not be taken into account in this report. Nevertheless, this tensile strength test can not be 
done with the original magnets, since they are too brittle and will break before the bonds in 
the adhesive. Therefore, a shear test has to be carried out with the original rotor lamination 
stack and original magnets to have something to compare to. It will also be done with steel 
magnets and with a steel lamination stack, which is a lamination stack, made in one piece and 
made out of steel, this can be seen in 16.1 Attachment Rotor lamination stack. This is done to 
get the relation between steel and steel as well, since the tensile strength tests had to be 
performed with two, so-called, steel magnets. This is not a real magnet, but a manufactured 
steel part, with the same area as the original magnet where the adhesive will be applied. 
Calculations about centrifugal force and rotations per minute (rpm) with data, provided by the 
data sheets, can be seen in 16.14.9 Calculations for the Centrifugal force. 
 
The Shear strength test is one of the tests that often recur in different literature as one of the 
most typical testing methods. In fact, it is the most frequently test done to test adhesives, since 
it is cheap and easy to carry out. Shear occurs when two pieces are glued together and one 
part is either pushed or pulled sideways until the adhesive bond brakes. The shear tests are 
adequate to determine the properties of an adhesive, for example, how the strength is in 
normal conditions, the effect of temperature, moist, gases and liquids. It is also used to 
determine the aging of the adhesive.21 However, essential to know about shear strength tests 
is, when performing these tests, one almost always will get some degree of peeling and 
bending into the test specimen. Nevertheless, this will probably not have any significant 

                                                 
20 Handbook of Adhesives and Sealants, page 146. 
21 Strukturelles Kleben und Dichten, page 327. 
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influence on the tests here at Moog, since the magnets, which are going to be used, are very 
brittle and probably break before it will bend enough to affect the result. When testing shear 
strength, all of the adhesive bonds in the bonded area will add to the strength of the adhesive. 
As a result, the shear tests are often the tests that need the most force to break the bonds.22  
 
When undertaking the shear test, there is one issue, which can not be answered before tests 
have been done. This is when performing the tests and applying force on the test rig, when the 
magnet brakes lose, all the force will then be transferred into the test rig and through the rotor 
lamination stack. Since the rotor lamination stack is not a solid piece, but thin plates welded 
together, it could have a small gap between the lamina, see 16.1 Rotor lamination stack. These 
lamina could be pressed together and thereby damage the adhesive on the other magnets that 
are glued onto the rotor lamination stack, since there will be four magnets glued to the rotor 
lamination stack. If this is the case, only one magnet can be glued onto each rotor lamination 
stack for each test. The reason for designing the test rig like this is that it could be harmful for 
the test rack to go with full power and with momentum into its end position. This could 
damage the machine if this is repeated. A cross-section off the test rig can bee seen in Figure 
7. In circle 1, one can see the gap between the parts, where the test rig can build up 
momentum. This gap is made as small as possible to reduce the momentum as much as 
possible.  
 

 
Figure 7 shows the gap between the parts. 

 
On the other hand, during the tensile strength test, the test rack will hit its end position, since 
the tensile tests will not be done as often as the shear test and therefore the decision fell on 
this method instead of doing another complicated application for the tensile tests. 
Nevertheless, the length the machine has to accelerate is made as small as possible so that the 
machine would hit its end position with as small momentum as possible. 
 
Different temperatures must also be tested since the motor will operate in a temperature range 
between-46 °C to 120 °C. Tests will be performed at the two most extreme temperatures. 
These are specifications that Moog has set. Since adhesives are polymers it will loose its 
strength when the temperature rises, which can be seen on the data sheets in 16.15 Adhesive 
1, 16.16 Adhesive 2 and 16.17 Adhesive 3.23 The results from the maximum temperature tests 
will later be compared to the graph on the data sheet that shows the strength in different 
temperatures. However, information about what happens with the strength of the adhesive in 
temperatures under 0°C are not to be found on any of the data sheets. Therefore, it is 
important, for Moog, to test at low temperature condition, to make sure that they really know 
the effects of low operating temperatures on the strength of the adhesive. On the other hand, 

                                                 
22 Handbook of Adhesives and Sealants, page 96. 
23 Loctite Worldwide Design Handbook 1996/97 German Edition, page 202. 
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the motors will get warm fast when in operation. Therefore it is more important that the 
adhesive holds for higher temperatures. 
 
The temperature test will be performed in that way that enables the rotor lamination stack to 
be heated up to 140°C in a climate chamber and then quickly installed into the test rig. The 
test will start and force applied after 60 seconds from opening the climate chamber to get the 
rotor lamination stack. This method will not give exactly 120°C, since the rotor lamination 
stack cools down very fast, it is important to perform this test as fast as possible.  
 
The temperature tests with -46 °C will be done in the same way as the tests for 120°C. The 
difference is that the rotor lamination stack will be cooled down to -50°C and the tests will 
start 60 seconds from opening the climate chamber. 
 
It is essential to keep in mind, that when testing adhesives that the bonding strength is not 
constant. The bonding strength, for an adhesive, will vary with the temperature, the bondline 
gap, surface roughness and the material.24 25 Impurities on the surface also have a negative 
impact on the bonding strength.26 Therefore, it is of great importance to clean the material 
before adhesive is applied. The magnets and the rotor lamination stack will be cleaned with 
Acetone. This is also what the magnet manufacturer suggests to do.27  
 
The number of tests that will be carried out when doing shear tests at least eight successful 
attempts for each adhesive. For the tensile test, at least six attempts for each adhesive will be 
carried out. However, if something interesting is found, further tests might be carried out. A 
successful attempt means that no problem occurred during the test. If something does go 
wrong, during the test, that specific test will be redone so that at least eight respectively six 
attempt, where no complications occurs, are implemented. The reason for carrying out eight 
tests is because four magnets can be glued on to one rotor lamination stack at each time, 
therefore two rotor lamination stacks are used for each test.  
 
When the tests are implemented a minimum strength is going to be calculated by using the 
normally distributed method. It was assumed that these tests would be normally distributed, 
since it in real life is difficult to tell if the tests would be normally distributed or not. The 
formulas and graph can be seen in 16.22 Minimum strength calculations. 
 
Another essential thing to remember is that these tests, done here at Moog, do not exactly 
follow the standard test methods, since the tests are trying to mimic the real operating 
conditions for the motors. 
 

                                                 
24 Roloff/Matek Maschinenelemente, page 94. 
25 Loctite Worldwide Design Handbook 1996/97 German Edition, page 202. 
26 Roloff/Matek Maschinenelemente page 90. 
27 http://www.vacuumschmelze.de/fileadmin/documents/broschueren/dmbrosch/DM_PD002_de.pdf, page 51. 
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5.0 Adhesives 
 
The employee, who normally carries out this procedure in the serial production, glues the 
magnets on to the rotor lamination stack. This is to make sure that it is done in the right way 
and to get the test as similar to the “real life” here at Moog. 
 
The three different adhesives need different time spans to be 100% cured, see Figure 8 and in 
part 16.15 – 16.17. In fact, one should wait and let the adhesive cure for seven days to make 
sure that the adhesive is 100% cured.28 Because of time pressure, the tests will be 
implemented after the 100% cure time, given on the data sheet, and according to the quick 
test, it does not seems to make any significant difference, see Quick test and 16.3 Quick test. 
 
Before undertaking the real test, it is important to know approximately how much force that is 
going to be needed. This could easily be calculated with some simple formulas.   
 

2

max
max

3.2414.255.9 mmA

AF
A

F

netoneinchmag

BreakBreak

=⋅≈

⋅=⇔= ττ
 29 

 
The formulas for both tensile and shear strength, Breakτ are the same. The only thing to 
remember is that the area is the area, A which is glued. However the area in this case is the 
same. 
 
 Time to 100% 

cured with a gap of 
0.05 mm at 22°C 
(h)  

Breakτ , shear 
strength when 
100% cured 
(N/mm²) 

maxF for one 
inch magnet 
(kN) 

Adhesive 1 24 11 2.6 
Adhesive 2 24 >11 >2.6 
Adhesive 3 72 15-29 3.6-7 
Figure 8 shows the cure time to 100% cured, the shear strength and the force which should be 
needed to break the adhesive bond according to the data sheet. 
 
These values in Figure 8 correspond to mild grit blasted steel, which is not exactly the 
material that is going to be used in this report. It is also hard to calculate exactly how good a 
specific adhesive will hold, since, the holding properties also depend on the surface energy of 
a material. Therefore, even though, two different materials with similar surface are glued 
together, the holding properties could be different. 
 
All these three adhesives, that are going to be tested, are made from modified acrylic. This 
kind of adhesive is generally cured in room temperature and with help from an activator. The 
adhesive and the activator are never mixed until when being used to glue something, since the 
adhesive starts to cure immediately, when it comes in contact with the activator. For the two 
parts, to be glued together, the adhesive is applied on one part and the activator on the other.30 
At Moog the activator is applied on the rotor lamination stack and the adhesive on the magnet. 
                                                 
28 Loctite Worldwide Design Handbook 1996/97 German Edition, page 202. 
29 Strukturelles Kleben und Dichten, page 325 and page 327. 
30 http://www.paulkuhn.de/kleben/klebetechnik?start=2 
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Therefore, the adhesive will not start to cure, until the two parts are attached to each other and 
the magnet is in place.  
 
The activators being used can be seen in Figure 9. The activators for Adhesive 1 and 
Adhesive 2 are not the activators specified in the data sheet. The reason why these activators 
are used for this report is that, these activators are normally used for these specific adhesives 
at Moog. For Adhesive 3 the activator that is on the data sheet will be used.  
 
Adhesive Activator 
Adhesive 1 Activator 1 
Adhesive 2 Activator 2 
Adhesive 3 Activator 3 
Figure 9 lists the activators used for the adhesives. 
 
Adhesives, made from modified acrylic, have some general characteristics. It has a high 
tensile and shear strength, good operation temperature, glues almost every material and good 
resistance against different media. One of the typical applications that this kind of adhesive is 
used for is gluing magnets.31  
 
The two new adhesives are very similar to each other when it comes to safety measures. Both 
of the adhesives will irritate the eye, lungs and skin. Therefore, when working with either of 
these adhesives, one should have a good air extractor. Safety goggles and safety clothing 
should be used.32 33 
 
In the end, when choosing which adhesive is going to be used the cost of the adhesive is an 
important factor as well. The cost of the different adhesives can be seen in Figure 10. The 
adhesive that is used today, Adhesive 1 is actually the most expensive one and the newest 
adhesive, Adhesive 3 is the cheapest. The cost for the activator will not be taken into account, 
since either Adhesive 2 or Adhesive 3 will be used in the end, and the same activator is used 
for both.  
 
Adhesive Price (€) Size (ml) Price per ml (€) 
Adhesive 1 652.24 1000 0.652 
Adhesive 2 121.68 300 0.406 
Adhesive 3 86.29 310 0.278 
 Figure 10 lists the prices for the tested adhesives. 
 

                                                 
31 http://www.paulkuhn.de/kleben/klebetechnik?start=2 
32 http://www.rshughes.com/images/products/docs/qt4SiCDvG1qQEOKgtDjltg.pdf 
33http://henkelconsumerinfo.com/products/henkel.datasheets.Search.do?BUSAREA=0006&DOCTYPE=MSDS
&MATNR=537444&LANG=DE&COUNTRY=DE&FORMAT=PDF 
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6.0 Preparation 
 
Before undertaking the tests, certain preparations have to be made to make sure that 
everything works as it is supposed to and that there are no uncertainties. 
 

6.1 Quick test 
 
As a preparation before doing the “real test”, a small test was done. This test was done to see 
that the magnet holds and does not crack when force is applied on the magnet, and to see 
roughly how much force that is needed to break the bond in the adhesive. This was also 
compared to the shear test that could be calculated from the data sheet.  In this test, only the 
old adhesive, Adhesive 1, was used. The whole test and subsequent result can be seen in 16.3 
Quick test. This test also indicates that, at least for Adhesive 1, it does not have any big 
impact on the shear strength if cured for 24 hours or longer. 
 

6.2 Test of the all the apparatus 
 
As preparation before the real tests was implemented, all the apparatus was tested and 
calibrated. To make sure the test rack works properly in order to eliminate future problems, 
when doing the real tests the test rack was carefully calibrated with a calibrated load cell, so 
that all the measuring devices show the correct value. It was also set to work properly together 
with the measuring device that records. This apparatus is a computer together with a so-called 
SigLab. The computer program that is used to record and to make graphs is MatLab 6.0 
together with the program for the Siglab. The code that is used in MatLab can be seen in 
16.19 Matlabcode. The computer, together with the Siglab, was also tested together with the 
original measuring device for the test rack, to make these show the same value.  
 
The test rig was also checked before the tests were implemented. The most critical 
measurements and surfaces were reviewed to make sure that the test rig works as planned. 
This was done at the quality department at Moog. The measurement, that was reviewed, was 
the surfaces and the diameters of the Pakethalter, Gleit cylinder and the Druckstück. All the 
measurements and surfaces were inside its tolerance, except one, where the surface of the 
Gleit cylinder that was a bit rougher then it should have been, but the deviation was still good 
enough, and the test rig still worked as planned. 
 
When assembling the test rig, it turned out that the air inside the Druckstück could not escape, 
since the tolerance was so fine, which resulted in that the Druckstück could not slide over the 
Gleit cylinder into place. Therefore, a hole was done so that the air could escape. More about 
this can be seen in the part “Improvements”.  
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6.3 Questionnaire 
 
The questions in the questionnaire, see Figure 11, are answered together with a Moog 
employee, who normally glues magnets on to the rotor lamination stack.  
 
These questions are important be taken into account, when choosing adhesive later. It is good 
to know if one adhesive is very good, but also if it is very hard to work with. 
 
Question Adhesive 1 Adhesive 2 Adhesive 3 
Does it smell and 
how much? 

Almost nothing It has a plastic smell  It has a plastic smell 

Do you get 
headache? 

No Yes  Yes  

How long can you 
work with it before 
you have to take a 
break? 

As long as needed About two hours 
when one will get 
headache 

Not sure yet since no 
one at Moog has 
worked with it for a 
longer time. 
However, it is a 
further development 
of Adhesive 2 and is 
very similar in many 
ways. It probably has 
similar effect as 
Adhesive 1. 

What can/must be 
done to be able to use 
this adhesive? 
Rebuild anything? 

Nothing If this adhesive is 
used something 
needs to be done 
with the air extractor, 
since it is not good to 
inhale. 

If this adhesive is 
used something 
needs to be done 
with the air extractor, 
since it is not good to 
inhale 

If you would 
compare it to Loctite 
325 what would you 
say? 

--- The activator smells. 
It takes longer time 
to stick then 
Adhesive 1 

The activator smells. 
It takes longer time 
to stick then 
Adhesive 1. 

Figure 11 shows the questions and the answers about the different adhesives. 
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7.0 The Test Rig 
 

7.1 Shear test rig 
 
This test rig is built in many different parts and it has to be robust since it will be exposed to 
large forces. Even though the test rig will be made robust, stress calculations have been made, 
both for the parts designed for the test and for the test rack. To make sure that the stressed 
parts will not be over stressed leading to potential failure. The calculations can bee seen in 
16.14 Calculations and all the drawing can be seen in part 16.4 – 16.13. The par16.18 screw 
calculations with Hexagon shows an extract from a program called Hexagon, which was used 
to calculate whether the screws in the machine would hold or not.  
 
The test rig for the shear tests includes five different parts. First of all, the Grundplatte, see 
Figure 12 and the drawing in 16.4 Drawing Grundplatte, which is the base plate that is 
screwed on to the test rack, see Figure 13. However, the second part the Paket Halter has to be 
screwed on to the Grundplatte before the Grundplatte is screwed on to the test rack, since the 
screws for the Paket Halter is on the backside of the Grundplatte. The Grundplatte is screwed 
on to the test rack with three M10 screws, as can be seen in Figure 13, and with two M8 
screws from the back. It is also kept in place with two pins. The dimension and placement of 
screws and pins are taken from the original drawing of the original part.  
 
 
 
 

 
Figure 12 shows the Grundplatte. 
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Figure 13 shows where the Grundplatte should be screwed on to the test rack including the 

Paket Halter. 
 
 
Secondly, the Paket Halter is screwed on to the Grundplatte with two M6 screws.34 The 
placement of the Paket Halter can be seen in Figure 14. A rotor lamination stack will be 
mounted on to this part, as can be seen in Figure 15. The rotor lamination stack in Figure 15 is 
shown without magnets. It is screwed on to the Grundplatte with two M6 screws. The drawing 
for the Paket Halter can be seen in 16.5 Paket Halter.  
 
 

 
Figure 14 shows the Grundplatte and where the Paket Halter is to be mounted. 

 

                                                 
34 Böllhoff Blaue Seiten, page 2/178. 
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Figure 15 shows the mounted rotor lamination stack. 

 
 
The following part is the Gleit cylinder. Its purpose is to keep the rotor lamination stack in 
place and to guide the Druckstück. The Gleit cylinder is fitted on to the Paket Halter and kept 
in place with a 40 mm M10 screw.35 Where the Gleit cylinder is mounted, can be seen in 
Figure 16 and the drawing in 16.7 Drawing Gleit cylinder. 
 
 

 
Figure 16 shows the mounted Gleit Cylinder. 

 
 
Next, the Druckstück will be installed, Figure 17, which is the part that presses on the magnet 
and slides on the Gleit cylinder. It has to be a fine tolerance between the two parts. The 
tolerance for tax piston, which is very similar to this have the tolerance of H7/f7.36 However, 
this is just guidelines. Hence the tolerances are not exactly the same as recommended, as can 
be seen in drawing in 16.8 Drawing Druckstück.  

                                                 
35 Böllhoff Blaue Seiten, page 2/179. 
36 Tabellenbuch Metall, page 111.  
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The Druckstück has three “pins”. The two longer ones are to guide the Druckstück and make 
sure that the third “pin”, which is a bit shorter and the one that presses on the magnet, comes 
in the right place. This is shown in Figure 19 because of these three “pins”, only four magnets 
can be glued on to the rotor lamination stack at a time. The way the magnets should be glued 
on to the rotor lamination stack is shown in the Figure 18. 
 
 

 
Figure 17 shows where the Druckstück is mounted. 

 
 
 

 
Figure 18 shows how the magnets should be glued on to the rotor lamination stack. 
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Figure 19 shows the rotor lamination stack and the Druckstück. 

 
 
At last the Druckstange is mounted as can be seen in Figure 20. The Druckstange is mounted 
on the moving part of the test rack. It will be pressed on to the Druckstück which then presses 
on the magnet. The whole test rig can be seen in Figure 20 and in Figure 21. 
 
 

 
Figure 20 shows a CAD picture of the whole test rig for the shear test. 

 
 
 

 
Figure 21 shows the test rig from above. 
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7.2 Tensile test rig 
 
For the tensile tests, only two Zugstangen and several steel magnets are used. The two 
Zugstangen are mounted into the original parts for the test rack and two steel magnets that are 
glued together, are mounted in between the two Zugstangen, as shown in Figure 22 and in 
Figure 32. The steel magnets have the same dimensions as an original magnet, except that 
they are higher so that a hole for the pin could be made. The dimensions were taken from 
drawing of the original magnet. When all the parts are in place, the two steel magnets will be 
pulled apart and the maximum force will be recorded.  
 

 
Figure 22 shows the two Zugstangen and the two steel magnets. 

 

7.3 Gluing shaft 
 
Furthermore a tool was necessary to make it easier to glue the magnets onto the rotor 
lamination stack, see Figure 23. This rig is made of a shaft where the rotor lamination stack 
can be mounted, which is held in place by a plate and a nut. 37 The drawings can be seen in 
16.12 Drawing Welle zum bekleben and 16.13 Drawig Platte zum bekleben.  
 

 
Figure 23 shows the rig for applying the adhesive and the magnets. 

 

                                                 
37 Böllhoff Blaue Seiten, page 2/299. 
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7.4 General information about the test rigs 
 
The Druckstange and the Zugstange both have a bigger diameter than the calculated minimum 
diameter. The calculations can be seen in part 16.14.5 and 16.14.6. Even though the diameter 
only must be 16.5 mm for the Druckstange and 14.5 mm for the Zugstange both have to be 
manufactured from a cylinder with a bigger diameter. This is because the end segment, which 
has to be mounted on to the test rack, has a certain dimension and as can be seen in Figure 21 
and the other end of the Druckstange has to have the same diameter as the Druckstück. This 
can be seen in Figure 20 or Figure 21. 
 
During the assembly of the test rig, the screws are tightened with predetermined tightening 
torque. The predetermined tightening torque can be seen in Figure 24. 
 
Size Tightening torque (Nm) 
M6 10.1 
M8 24.6 
M10 48 
Figure 24 shows the tightening torque for different screws.38 
 
When designing the test rig, there are many aspects to take into account. The appropriate 
screws had to be found. All the screws, that are used, were found in Böllhoff Blaue Seiten 
including the exact dimension, which it important to know, when designing the different 
parts. The tolerances between the different parts are necessary for the test rig to work 
properly. This data where found in Tabellenbuch Metall and Toleranztabellen für Nennmaße.  
 

7.5 Improvements 
 
Once the test rig should be assembled and tested there were things that needed to be improved 
to make the test rig to work properly.  

7.5.1 Shear test rig 
 
Some improvements had to be done with the test rig, before the tests could be carried out. 
When assembling the test rig, it turned out that when the Druckstück was pushed over the 
Gleit cylinder the air inside could not escape but was compressed which resulted in the 
Druckstück being pressed out again by the compressed air. To fix this problem, a hole was 
drilled to let the air escape; see the small hole in Figure 25. 
 

                                                 
38 VDI-Richtlinien Systematische Berechnung Hochbeanspruchter Sschraubenverbindung Zylindrische 
Einschraubenverbindungen, page 109. 
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Figure 25 shows the hole that was drilled in the Druckstück get let the air escape. 

 
 
After a few tests were carried out it turned out that the test rack sometimes began to “swing”, 
which meant that the oil pressure began to increase and decrease very rapidly, and making a 
lot of noise, and the test rig started to vibrate. This could be due to trapped air inside the 
Druckstück. When the whole test rig is installed, it is almost airtight between the Druckstück 
and the Druckstange and the Gleit cylinder. Hence the air between the Druckstück and the 
Gleit cylinder cannot escape fast enough. This can be seen in Figure 7., showing the distance 
between the Druckstück and the Gleit cylinder. This causes the trapped air to work like an 
airbag. Therefore, another hole was drilled into the Druckstück, which can be seen in Figure 
26. This hole was drilled so that it connects with the first hole, which can be seen in Figure 25 
and the air could now escape.  
 
 

 
Figure 26 shows the second hole drilled into the Druckstück. 
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Nevertheless, this second hole was not enough. To make sure that no more air was trapped, a 
cut was done on the Druckstange, Paket Halter and the Gleit cylinder. This can be seen in 
Figure 27-29. 
 
 

 
Figure 27 shows the cut in the Gleit cylinder. 

 
 

 
Figure 28 shows the cut in the Druckstange. 
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Figure 29 shows the cut in the Paket Halter. 

 
 
The last improvement on the shear test rig was a thin piece of plastic, see Figure 30, which 
was placed inside the Druckstück, see Figure 31. This was done to make the gap between the 
Druckstück and the Gleit cylinder even smaller, but also to reduce the risk of the test rack and 
test rig starting to “swing” or vibrate.   
 
 

 
Figure 30 shows the plastic piece that was placed inside the Druckstück. 
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Figure 31 shows the Druckstück with the plastic piece inside. 

 
 

7.5.2 Tensile test rig 
 
When assembling the tensile test rig, it turned out that the two pins that should hold the 
magnets in place were to big in diameter so they would not fit. Therefore we had to make the 
diameter smaller by grinding away some material.  
 
After the first few tests the whole test rig started to vibrate. This made the results useless. 
Therefore, a support was done to make sure that the tensile test rig stayed horizontal and 
would not start to vibrate. The tensile test rig with the support can be seen in Figure 32. To 
make sure that it really was horizontal an inclinometer was used, this can be seen in Figure 
33.  
 
 

 
Figure 32 shows the tensile test rig with the support. 
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Figure 33 shows that the tensile test rig is horizontal. 

 
 

7.5.3 Temperature tests 
 
When doing the temperature test with -46°C, the inside diameter of the rotor lamination stack 
will shrink. Therefore, the inside diameter of some of the rotor lamination stacks had been 
made bigger and corrected to the calculated tolerances. The calculations can be seen in 
16.14.3 Expension of the internal diameter of the rotor lamination stack. 
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8.0 Method 
 

8.1 Shear tests 
 
The following test procedure is used: 
  

1. Glue on the 4 magnets on a rotor lamination stack as shown in Figure 18. 
2. Let cure (curing time can be found in Figure 8). 
3. Install and turn on all the measuring devices. 
4. Turn on the controller, see arrow 1 in Figure 34.  
5. Install the test rig as shown in Figure 95 including the rotor lamination stack. 
6. Before starting the tests make sure that the direction of the force is towards the tests 

rig, see arrow 2 in Figure 34.  
 
 

 
Figure 34 shows the different buttons on the controller. 

 
 

7. Turn on the test rack by switching on all the installed apparatus and start the oil flow. 
Arrow 1 and 2, in Figure 35, are two switches that have to be switched on. Arrow 3 
opens and regulates the oil flow, which has to be opened. At last, arrow 4 shows the 
potentiometer, which regulates the maximum force that can be applied, which has to 
be set to a reasonable number. 
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Figure 35 shows the switches to get the oil flowing. 

 
 

8. Install the safety protection, as shown in Figure 36. 
 
 

 
Figure 36 shows how the safety protections should be placed. 

 
9. Carefully apply force by turning the potentiometer. Arrow 3 in Figure 34 shows where 

the force is applied.  
10. When the magnet breaks loose, immediately stop applying force. 
11. Document the result. 

 
 



 34

8.2 Tensile tests 
 

1. Glue two steel magnets together. 
2. Let cure (curing time can be found in Figure 2.) 
3. Install the magnets in the test rig as shown in Figure 22. 
4. Follow step 5 and 6 as in the shear test. 
5. Before starting the tests, make sure that the direction of the force is towards the tests 

rig, se arrow 2 in Figure 37. Carefully apply force by turning the button. Arrow 3 
shows where the force is applied.  

 

 
Figure 37 shows the different buttons on the controller. 

 
6. Carefully apply force. 
7. When the magnet breaks loose immediately stop applying force. 
8. Document the result. 

 

8.3 Temperature tests 
 
As the temperature tests should be done, wait at least until the adhesive is 100% cured. Then 
put the rotor lamination stack with the magnets glued on into the climate chamber for two 
hours in 140°C respectively -50°C. Take out one sample and install it into the test rig. Start 
the test 60 seconds after the rotor lamination stack was taken out from the climate chamber. 
Then continue from step 9. After the test is done for the first magnet, put the rotor lamination 
stack back into the climate chamber and wait at least 45 minutes until repeating the test, to 
make sure that the rotor lamination stack has reached the right temperature again. 
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9.0 Observations 
 
During the tests there were many observations that were made. These observations lead to 
improvements, additional tests and of course more knowledge about the different adhesives. 
 

9.1 General observations 
 

• The fear, that the rotor lamination stack would be pressed together and damage the 
remaining magnets and its adhesive, was incorrect. There were no signs that the other 
test specimens were damaged, when the adhesive bonds of the first magnet was forced 
to break. Therefore, four magnets could be glued on to each rotor lamination stack.   

 
• Even though the shear test rig was made so that the test rack would not hit its end 

position, it seemed better to let it hit its end position like in the tensile tests. This was 
because the machine stopped applying force, when it hit its end position. Now, when 
shear tests are done, force is still applied when the adhesive bond breaks. For that 
reason, the test rig sometimes starts to vibrate and make a lot of noise, which is 
probably not good for the test rack either. However, most of the time this occurred 
after the magnet broke loose. Therefore, it will not affect the test result.  

 
• An interesting observation is that, the adhesive have better holding properties between 

a steel rotor lamination stack and original magnets than between original rotor 
lamination stack and original magnets. This probably depends on the different material 
and surfaces, given that a thinner gap line of adhesive often has better holding 
properties. Since the original rotor lamination stack has a very rough surface there will 
be a bigger gap line of adhesive, if compared to the smooth surface of the steel rotor 
lamination stack. On the other hand it could also depend on the material. 

 
• One thing to remember, when doing these tests is that each glued on magnet is 

different. The amount of pressure that is applied, the amount of activator, impurities 
and the thickness of the adhesive will all differ. All these conditions will have an 
impact on the result, hence the spread of results. This is very important to keep in 
mind. To make sure that every test is equal all these conditions have to be controlled. 
However, in this report the actual process at Moog should be simulated. Therefore, the 
magnets are glued on by different people as well. This will also make a difference on 
the result, since different people will have a different way of gluing. There can even 
by difference between one rotor lamination stack to another, even though, it is glued 
with the same adhesive and by the same person. 

 
• In some cases there are a wide spread of results and therefore the standard deviation 

will be big. This could depend on different reasons. However, it is hard to say why a 
specific test holds well or not. The big spread during the tests done where the steel 
rotor lamination stack and steel magnet are glued together with Adhesive 3 probably 
depends on the amount of activator applied. 
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9.2 Experienced difficulties 
 
When implementing the test, there are always things that can be done in the wrong way, or 
unexpected things can happen, and during the test, one learns how to avoid these misfortunes. 
One defect that occurred was that the Siglab was not correctly set. This does not mean that all 
the tests that were done before this error was discovered, are incorrect. The Siglab has a setup 
where one can set the maximum Volt that the Siglab should measure. During some test the 
Siglab was set so that the maximum Volt was about 6 Volts, which means about 6000 
Newton. When doing a measurement where the force went over 6000 Newton, the Siglab 
would not show this. Instead it just stayed at 6000 Newton. All the tests, which are under 
6000 Newton, are correct. This can be seen in 16.20 Result graphs. In some tests that have a 
straight line at about 6000 Newton. These tests were redone when the Siglab had been set 
correctly. 
 
Further errors or misfortunes were that the magnet broke, a cable was forgotten to be installed 
or the time was set to short. All these misfortunes are shortly explained together with the 
graphs in 16.20 Result graphs  
 

9.3 Vibrations 
 
As mentioned before, the test rig started to swing and vibrate after adhesive brake due to the 
high shock of the tests rack. Although, improvements were done, there still were vibrations. 
These vibrations can also be seen in the graphs in 16.20 Result graphs. However, mainly these 
vibrations started after the adhesive bonds were broken. Therefore, this will not affect the test 
result. 
 
On the other hand, during the first tensile strength test, the test rig started to vibrate significant 
that this affected the result. This can be seen in 16.20 Result graphs. Therefore, the support 
was introduced, to make sure it will not start to vibrate.  
 

9.4 Temperature tests 
 
During the temperature test, it is very important to make sure that the rotor lamination stack 
and the magnet reaches the desired temperature. One should also make sure that the 
temperature of the test rig has the same temperature for each test. Therefore, four more test 
where done for the test at 120°C, to make sure that everything done correctly. But also since 
these tests are important. 
 

9.5 Adhesive 1 
 
When doing the shear test, with Adhesive 1, some observations were done. One observation 
was, when the bonds in Adhesive 1 broke, it was the adhesion bonds that broke. This can be 
seen in almost all the test. Almost all the adhesive sticks on one of the parts that was glued 
together. This means that the bonds between the part and the adhesive, adhesion bonds is 
weaker then the bonds inside the adhesive itself, cohesion bonds. This can be seen in Figure 
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38. Otherwise, there were no further startling observations that was done and there were no 
problems with Adhesive 1. 
 

 
Figure 38 shows steel magnets and steel rotor laminations stack with Adhesive 1. 

 
 

9.6 Adhesive 2 
 
When testing Adhesive 2, it seams that this adhesive brakes in the cohesion bonds, at least 
when testing steel rotor lamination stack and steel magnet, see Figure 39 and Figure 40. This 
means, the bonds inside the adhesive is weaker then the bonds between the part and the 
adhesive. However, one can also see that there is more adhesive left on the steel rotor 
lamination stack and the original magnet. Why this is the case is had to say, but probably 
because of the surface energy of the different parts.  
 
After a discussion with engineers from adhesive company it came out that to much activator 
could affect the holding strength. Nevertheless, this was hard to see from the test results or the 
parts, since they all looked reasonable. Therefore a few additional tests with I thin layer of 
activator were done. The results from these tests can be seen in Figure 63.  
 

 
Figure 39 show steel magnets and steel rotor lamination stack glued with Adhesive 2. 
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Figure 40 shows original rotor lamination stack with original magnet glued with Adhesive 2. 

 
 

 
Figure 41 shows the steel magnets when just a thin layer of activator is used. 
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9.7 Adhesive 3 
 
Adhesive 3 differs from the other two, at least, when two steel parts are glued together. On 
one of the parts, in this case the steel rotor lamination stack were the activator is applied, it 
seems to be remains of activator left. This can be seen in Figure 42 and Figure 43. On the 
other part there are no signs of adhesives on these specific parts. It seems like the adhesive 
only acts where there are adhesives on both parts. This could explain the low holding strength 
between the two steel parts. After a discussion with an engineer from Adhesive company, it 
came to our knowledge that if too much activator is applied the strength could decrease. This 
could also be the reason that the steel rotor lamination stack and steel magnet have such a 
wide spread of results and does not have good holding properties. Therefore additional tests 
were performed to see if this was the case. 
 
 

 
Figure 42 shows the first shear test with steel on steel with Adhesive 3. 

 
 

 
Figure 43 shows the first tensile tests with steel on steel with Adhesive 3. 

 
 
The additional shear tests that were done were the same as the original tests, except the 
temperature tests, with that difference, that just a thin layer of activator was applied. The 
result of this test for the steel rotor lamination stack with steel magnets showed that there was 
a big difference between the original tests and these test. It also looks like Adhesive 3 are 
much more sensitive then Adhesive 2 when it comes to the amount of activator, since the test 
results seem reasonable and the adhesive look good after the tests were done.  
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The further tensile tests that are to be done is to try different ways of gluing two steel magnets 
together. The different ways are the following: 
 

• Pressure, which means the amount of activator as before, but the two steel 
pieces are pressed together longer and harder.  

• Moving around, which means that again the amount of activator is as 
before but the two pieces are pushed together and then moved around to 
spread out the activator and the adhesive. 

• Less activator, this means that just a very thin layer of activator is applied. 
• The activator is sprayed, this means that the activator is sprayed on with a 

spray nozzle.  
 
The result of these additional tests were that the strength of the adhesive is most likely 
dependeding on the amount of activator. Since the strength was much higher with less 
activator, which can in the Result part. In these tests it also looks like it was the cohesion 
bonds that broke, since it was adhesives on both parts, see Figure 44. However, only two 
tensile tests were done and only from two tests it is impossible to say if this is correct or not. 
Therefore ever more tests were done, were only a thin layer of activator was applied.  
 
 

 
Figure 44 shows the two tensile tests with Adhesive 3 with a thin layer activator. 

 
 
If the normal tests are compared with the steel parts to the original magnet and the original 
rotor lamination stack, one could see a big difference. With the original magnet and original 
rotor lamination stack the adhesive seem to be distributed all over the area. Most of the 
adhesive seem to stick on to the magnet, which could be explained by that the adhesive is 
made for gluing permanent magnets. However it looks like there are also some adhesive on 
the rotor lamination stack. This can be seen in Figure 45. 
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Figure 45 shows a rotor lamination stack and a magnet that was glued together with 

Adhesive3. 
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10.0 Results 
 
This part shows the result of the tests in tables and compared in graphs. Starting with the 
shear tests followed by the tensile tests and at last the additional tests. 
 

10.1 Shear tests 
 
At first all the shear tests will publicized, which also includes the temperature tests. All the 
shear tests will be performed with a one inch original magnet or steel magnet. 
 

10.1.1 Original rotor lamination stack with original magnet 
 
The first test is the original rotor lamination stack with original magnet at room temperature.  
 
Test No. Adhesive 1 (N) Adhesive 2 (N) Adhesive 3 (N) 
1 3800 3500 4640 
2 4545 3535 4460 
3 ----* 4200 4700 
4 4090 3180 4600 
5 4800 3580 4360 
6 5480 3040 4780 
7 5645 2910 4800 
8 5450 3260 4200 
9 3730   
Average  4694 3401 4568 
Max. test value 5645 4200 4800 
Min. test value 3730 2910 4200 
Standard deviation 726 377 198 

Min. strength using 
95% confidence 

3241 2647 4172 

Min. strength per 
area ( 2mmN ) 

13.1 11.0 17.3 

Figure 46 lists the result of the tests with original rotor lamination stack with original 
magnet. 
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Original rotor lamination stack with original magnet
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Figure 47 illustrates the tests result, average strength and the minimum strength from the 
tests with original rotor lamination stack with original magnet. 
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10.1.2 Original rotor lamination stack with original magnet at 120 °C 
 
In this test the original rotor lamination stack with original magnet were put inside an oven to 
be able to test the adhesive at about 120°C. 
 
Test No. Adhesive 1 (N) Adhesive 2 (N) Adhesive 3 (N) 
1 2510 2640 3400 
2 1550 1080 4030 
3 1630 2465 3710 
4 1940 1800 3790 
5 1975 1965 2420 
6 1720 2890 2900 
7 2370 1750 2660 
8 1520 1915 3040 
9 1580 2270 3200 
10 1760 2770 3940 
11 1690 2970 3690 
12 2290 2640 3700 
Average 1878 2063 3244 
Max. test value 2510 2970 4030 
Min. test value 1520 1080 2420 
Standard deviation  327 580 519 

Min. strength using 
95% confidence 

1224 903 2206 

Min. strength per 
area ( 2mmN ) 

5.1 3.7 9.1 

Strength loss39 62 % 66 % 47 % 
Figure 48 lists  the test result from the test at 120°C. 
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Figure 49 illustrates the tests result, average strength and the minimum strength from the 
tests with original rotor lamination stack with original magnet at about 120°C. 
 
                                                 
39 Min. strength at room temperature compared to the Min. strength at 120 °C 
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10.1.3 Original rotor lamination stack with original magnet at -46 °C 
 
In this test the original rotor lamination stack with original magnet were put inside a climate 
chamber to be able to test the adhesive at about -46°C. 
 
Test No. Adhesive 1 (N) Adhesive 2 (N) Adhesive 3 (N) 
1 4210 3810 4050 
2 5100 3400 3980 
3 4900 3600 4050 
4 5050 3980 4370 
5 6550 3230 2660 
6 5720 3850 4840 
7 5930 3780 3780 
8 6350 3620 5230 
Average  5476 3659 4120 
Max. test value 6550 3980 5230 
Min. test value 4210 3230 2660 
Standard deviation 745 233 715 

Min. strength using 
95% confidence 

3986 3193 2690 

Min. strength per 
area ( 2mmN ) 

16.5 13.2 11.1 

Figure 50 lists the result from the tests at -46°C. 
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Figure 51 illustrates the tests result, average strength and the minimum strength from the 
tests with original rotor lamination stack with original magnet at about -46°C. 
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10.1.4 Steel rotor lamination stack with original magnets 
 
These tests were done with a steel rotor lamination stack with original magnet glued on at 
room temperature.  
 
Test No. Adhesive 1 (N) Adhesive 2 (N) Adhesive 3 (N) 
1 5715 5600 ----* 
2 ----* 5050 ----* 
3 ----* 5080 5980 
4 5190 5440 ----* 
5 4930 5570 ----* 
6 5110 5020 6450 
7 ----* 5500 6815 
8 ----* ----* 6195 
9 5990 5570 6510 
10 1400  7070 
11 ----*  7230 
12 6540  7300 
13 5220   
Average 5012 5354 6694 
Max. test value 6540 5600 7300 
Min. test value 1400 5050 5980 
Standard deviation 1454 240 456 

Min. strength using 
95% confidence 

2104 4874 5782 

Average strength 
per area ( 2mmN ) 

8.7 20.2 24.0 

Figure 52 lists the test result from the tests with a steel rotor lamination stack with original 
magnet.  
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Figure 53 illustrates the tests result, average strength and the minimum strength from the tests 
with steel rotor lamination stack and original magnet. 
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10.1.5 Steel rotor lamination stack with steel magnet  
 
These tests were performed with a steel rotor lamination stack with a steel magnet at room 
temperature. 
 
Test No. Adhesive 1 (N) Adhesive 2 (N) Adhesive 3 (N) 
1 ----* 4775 2040 
2 ----* 3485 760 
3 4780 4145 550 
4 5660 4110 1920 
5 7360 4980 3150 
6 5450 4420 1880 
7 6200 4610 3240 
8 8300 4800 2160 
9 6550   
10 6700   
Average  6375 4416 1963 
Max. test value 8300 4800 3240 
Min. test value 4780 3485 550 
Standard deviation 1046 456 904 

Min. strength using 
95% confidence 

4283 3504 155 

Min. strength per 
area ( 2mmN ) 

17.7 14.5 0.6 

Figure 54 lists the test result from the tests with a steel rotor lamination stack with steel 
magnets. 
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Figure 55 illustrates the tests result, average strength and the minimum strength from the 
tests with steel rotor lamination stack with steel magnets. 
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10.2 Tensile strength 
 
In this part the tensile strength will be tested. Since the magnets are too brittle these test can 
only be done with steel magnets. Two different tensile tests were done. The first were two 
normal steel magnets are glued together. The second were one of the surfaces are scratched to 
reassemble the surface of an original rotor lamination stack. 

10.2.1 Two steel magnets 
 
For this tensile test two steel magnets are glued together and pulled apart.  
 
Test No. Adhesive 1 (N) Adhesive 2 (N) Adhesive 3 (N) 
1 5355 ----* 1045 
2 4010 ----* 980 
3 5500 2835 1360 
4 7690 3460 1020 
5 4620 2490 1910 
6 4750 2410 930 
7  3300  
8  2040  
Average 5321 2756 1206 
Max. test value 7690 3460 1910 
Min. test value 4010 2040 930 
Standard deviation 1168 500 333 

Min. strength using 
95% confidence 

2985 1756 540 

Min. strength per 
area ( 2mmN ) 

12.4 7.3 2.2 

Figure 56 lists the test result from the tensile tests with two steel magnets glued together. 
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Figure 57 illustrates the tests result, average strength and the minimum strength from the 
tensile tests were two steel magnets glued together. 
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10.2.2 Steel magnets with the one of the magnets surface scratched 
 
During this tensile test on of the surface of one of the steel magnet was scratched to 
reassemble the original rotor lamination stack.  
 
Test No. Adhesive 1 (N) Adhesive 2 (N) Adhesive 3 (N) 
1 5740 1720 2520 
2 5480 3500 2000 
3 4230 2700 4100 
4 3500 2200 2720 
5 3570 3320 1950 
6 3050  3580 2000 
Average 4262 2837 2548 
Max. test value 5740 3580 4100 
Min. test value 3050 1720 1950 
Standard deviation 888 695 752 

Min. strength using 
95% confidence 

2486 1447 1044 

Min. strength per 
area ( 2mmN ) 

10.3 6.0 4.3 

Figure 58 lists the test result from the tensile tests with two steel magnets glued together were 
one of the magnets has its surface scratched. 
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Figure 59 illustrates the tests result, average strength and the minimum strength from the 
tensile tests were two steel magnets glued together were on of the magnets has its surface 
scratched. 
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10.3 Additional shear tests 
 
During all the original tests there occurred some complications and interesting observations 
were done. Therefore, additional tests were done to se if there are any differences if the 
amount of activator is reduced and to learn more about the adhesives and why these 
complications occurred. However, there were mostly complications with Adhesive 3. For that 
reason most additional test was done with Adhesive 3. 
 

10.3.1 Original rotor lamination stack with original magnets with a thin 
layer of activator 
 
These additional tests are done with an original stack and original magnets with a thin layer of 
activator. 
 
Test No. Adhesive 3 
1 6300 
2 6020 
3 6040 
4 5380 
5 4300 
6 4280 
7 4500 
8 4200 
9 5550 
10 5640 
11 5400 
12 5050 
Average 5222 
Max. test value 6300 
Min. test value 4200 
Standard deviation 715 

Min. strength using 
95% confidence 

3792 

Min. strength per 
area ( 2mmN ) 

15.7 

Figure 60 shows the test result from the additional test with original rotor lamination stack 
with original magnets. 
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10.3.2 Steel lamination stack with original magnets with a thin layer of 
activator 
 
These additional tests were done with steel rotor lamination stack with original magnets and 
just a thin layer of activator.  
 
Test No. Adhesive 3 
1 7360 
2 7640 
3 7200 
4 6900 
5 6560 
6 6260 
7 6780 
8 6500 
Average 6900 
Max. test value 7640 
Min. test value 6260 
Standard deviation 440 

Min. strength using 
95% confidence 

6020 

Min. strength per 
area ( 2mmN ) 

24.9 

Figure 61 shows the results of the additional test with steel rotor lamination stack with 
original magnet. 
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10.3.3 Steel rotor lamination stack steel magnets with a thin layer of 
activator 
 
These tests are done with a steel rotor lamination stack and steel magnet and a thin layer of 
activator is used. Only four tests are done with Adhesive 2, because it was just to se if there 
really would be any difference with less activator. The graph that can be seen in Figure 64 is a 
comparison between the normal tests with Adhesive 1, Adhesive 2 and Adhesive 3 with less 
activator.  
 
Test No. Adhesive 2 Adhesive 3 
1 6400 4500 
2 7200 6440 
3 5280 6650 
4 4100 6000 
5 5790 6350 
6 5660 4800 
7 4500 6820 
8 5000 4500 
Average 5491 5758 
Max. test value 7200 6820 
Min. test value 4100 4500 
Standard deviation 940 927 

Min. strength using 
95% confidence 

3611 3904 

Min. strength per 
area ( 2mmN ) 

15.0 16.1 

Figure 62 lists the test result from the additional test with steel rotor lamination stack with 
steel magnets. 
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Figure 63 illustrates the tests result, average strength and the minimum strength from the 
tests with steel rotor lamination stack and steel magnets, Adhesive 3 with less activator. 
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10.4 Additional tests Tensile 
 
The additional tensile test was done to se if something changes if adhesive is applied in 
different ways.  

10.4.1 Thin layer of activator 
 
These tensile tests are done with Adhesive 3 with a thin layer of activator. 
 
Test No. Adhesive 3 
1 4030 
2 3990 
3 3910 
4 2700 
5 4190 
6 2300 
Average  3520 
Max. test value 4190 
Min. test value 2300 
Standard deviation 735 

Min. strength using 
95% confidence 

2050 

Min. strength per 
area ( 2mmN ) 

8.5 

Figure 64 shows the tensile test with Adhesive 3 with a thin layer of activator. 

10.4.2 Activator sprayed on 
 
During this test the activator was sprayed on to test if that could be a possible way of applying 
the activator. 
 
Test No. Adhesive 3 
1 2475 
2 3980 
Average 3228 

Average strength 
per area 
( 2mmN ) 

13.4 

Figure 65 lists the result when the activator is sprayed onto the tensile test part. 

10.4.3 Pressure 
 
This test was done to see if pressure on the magnet would affect the test results. 
 

 

Figure 66 lists the results when extra pressure is applied. 

Test No. Adhesive 3 
1 2575 
2 2330 
Average 2453 

Average strength 
per area 
( 2mmN ) 

10.17 
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10.4.4 Mesh around 
 
Test No. Adhesive 3 
1 1360 
2 3230 
Average 2295 

Average strength 
per area 
( 2mmN ) 

9.5 

Figure 67 lists the result when the adhesive is meshed around. 
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11.0 Comparison 
 
In this section a comparison of the results between the three types of adhesives and also 
between the different motor operating conditions will be made.  
 

11.1 Shear Strength 
 

11.1.1 Original Rotor lamination Stack and Original Magnets 
 
The result with the original rotor lamination stack with original magnet at room temperature 
shows that Adhesive 3 has the highest minimum strength per area at 17.3 2mmN , followed 
by Adhesive 1 at 13.1 2mmN  and at last Adhesive 2 at 11.0 2mmN . It should be noted that 
the result for 3342 was without the optimized procedure for applying a thin layer of activator.  
 
The temperature tests at 120 °C will, as mentioned before have a lower holding strength than 
in room temperature. Here again Adhesive 3 has the highest minimum strength at 
9.1 2mmN , followed by Adhesive 1 with a minimum strength at 5.1 2mmN  and at last 
Adhesive 2 at 3.7 2mmN . The percentage loss also speaks for Adhesive 3, since it has a 
strength loss of 47% compared with the test at room temperature. Adhesive 1 has a strength 
loss of 62% and at last Adhesive 2 at 66%. The strength loss from the tests is relatively close 
to the data provided on the Adhesive data sheets. Adhesive 3 should have a strength loss of 
about 50%, Adhesive 2 of about 70% and Adhesive 1 of about 75%. This difference may be 
explained by the simple reason, that the test could not be controlled to have exactly 120 °C; it 
probably had a lower temperature. The adhesive high temperature properties are very 
important as the motor will get hot under continuous high load operating conditions. 
 
The low temperature test at -46 °C on the other hand had a very different result. In this test 
Adhesive 1 had the best holding properties with a minimum strength 16.5 2mmN , which is 
higher than at room temperature. The adhesive with the second best result was Adhesive 2 at 
13.2 2mmN , which is again higher than at room temperature. In contrast to these, Adhesive 
3, which had a minimum strength of 11.1 2mmN , was lower than at room temperature. A 
possible explanation for this may be the structure of the adhesives. A summary of these tests 
is provided in Figure 68. 
 
Type of adhesive Minimum strength in different temperatures ( 2mmN ) 

Room temperature 120 °C -46 °C 
Adhesive 1 13.1 5.1 16.5 
Adhesive 2 11.0 3.7 13.2 
Adhesive 3 17.3 9.1 11.1 
Figure 68 shows the results from the three different test cases with original rotor lamination 
stack and original magnet. 
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11.1.2 Steel Rotor Lamination Stack and Original Magnets 
 
For this configuration only testing at room temperature were performed. Once again Adhesive 
3 had the highest result at 23.9 2mmN  followed by Adhesive 2 at 20.2 2mmN and Adhesive 
1 at 8.7 2mmN . These results could probably be explained with that Adhesive 3 and 
Adhesive 2 is made for gluing permanent magnets. However, the poor result for Adhesive 1 is 
surprising and may be an invalid result. A summary of these tests is provided in Figure 69. 
 
Type of adhesive Minimum strength in 

room temperature 
( 2mmN ) 

Adhesive 1 8.7 
Adhesive 2 20.2 
Adhesive 3 24.0 
Figure 69 lists the minimum strength between steel rotor lamination stack and original 
magnet. 
  

11.1.3 Steel Rotor lamination Stack and Steel Magnets 
 
The best result had Adhesive 1 with a minimum strength of 17.7 2mmN , followed by 
Adhesive 2 with a result of 14.5 2mmN . The result for Adhesive 3 was surprisingly low at 
0.6 2mmN . This result is unacceptable and led to further investigations. By inspections of 
the two adhesive it was found that the activator had not provided the proper activation 
resulting in a very weak bond. By using a revised procedure and applying a thin layer of 
activator the result was improved from 0.6 2mmN  to 16.1 2mmN . Using the same 
procedure for the Adhesive 2 showed no significant change. This shows that Adhesive 3 is 
more susceptible to how the activator is applied than Adhesive 1 and Adhesive 2 for steel to 
steel bonding. A summary of these tests is provided in Figure 70. 
 
Type of adhesive Minimum strength in room temperatures ( 2mmN ) 

Normal amount of activator Thin layer of activator 
Adhesive 1 17.7 No test 
Adhesive 2 14.5 14.1 
Adhesive 3 0.6 16.1 
Figure 70 lists the minimum strength between steel and steel. 
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11.2 Tensile strength 
 
All tensile testing was performed with a steel to steel bonding. Adhesive 3 got an 
unreasonable low result and the adhesive between the test parts once again looked strange and 
very similar to the shear tests between steel rotor lamination stack and steel magnet. The 
highest result had Adhesive 1 with a minimum strength of 12.4 2mmN , then Adhesive 2 with 
a result of 7.3 2mmN after that Adhesive 3 with 2.2 2mmN .  
 
The second tensile test is when two steel magnets are glued together with one of the surfaces 
scratched to reassemble the original rotor lamination stack. For this test Adhesive 1 again had 
the highest minimum strength of 10.3 2mmN followed by Adhesive 2 and at last, with a 
higher result then before Adhesive 3 with 4.3 2mmN , which would hold for about 28000 
rpm. This can be compared to the calculations for the centrifugal force, were 10000 rpm needs 
a minimum strength of about 1 2mmN . The reason that Adhesive 3 now have a higher result 
could be because some activator could escape. In contrast to this, the strength of the other two 
decreased. If the assumption is made that there is more and thicker layer of adhesive between 
the two parts this could be the reason for the strength decrease. Since, the more amount of 
adhesive also influences the strength. 
 
During the tensile tests the standard deviation is in most cases large. Other than the amount of 
activator, it could depend on that, some tests was not 100% pure tensile. Since, there is two 
parts glued together by hand, which could lead to that some test specimens was oblique. 
Therefore, peeling or cleavage could occur to some extent. Otherwise it could be very hard to 
say why the standard deviation is large. 
 
The additional tests were, as said before, done to prove that the poor result for Adhesive 3 
during the tensile and steel rotor lamination stack with steel magnet, was because of the 
amount of activator. The additional test with Adhesive 2 was done to se if the strength also 
varies with the amount of activator. As assumed, the additional tests proved that the amount 
of activator will affect the strength of the adhesive. If the amount of activator applied could be 
controlled it is expected that the data spread between the tests would be reduced resulting in a 
reduced standard deviation. A summary of the tensile tests is provided in Figure 71.  
 
 
Type of adhesive Kind of tensile test Minimum strength at room 

temperature ( 2mmN ) 
Adhesive 1 Normal  12.4 

Scratched  10.3 
Adhesive 2 Normal  7.3 

Scratched  6.0 
Adhesive 3 Normal  2.2 

Scratched  4.3 
Normal with a thin layer of 
activator 

8.5 

Figure 71 lists the results from all the different tensile tests. 
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12.0 Bond safety assessment 
 
The safety bond calculations are done to make sure that the adhesive will stand the different 
criteria that the adhesive bonds will be exposed to.  
 

12.1 Shock resistance 
 
The motor must stand a shock test of 50g. If the shock is horizontal with the magnets, it will 
generate a shear stress. Thereby, the acceleration can be calculated by Newton’s second law, 
for the mass magnetm .   
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The result above can be compare with the lowest minimum strength from the test results, 
which is the temperature test at 120°C.  
 
Adhesive 2: 3.7 2mmN > 0.02 2mmN  
Adhesive 3: 9.1 2mmN > 0.02 2mmN  
 
As show the force is much smaller compared to the minimum strength of the adhesive. 

12.2 Centrifugal force 
 
The maximum amount of revolutions per minute for a motor, which is built here at Moog, 
rotates about 10000 rpm.  
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The result above can be compare with the lowest minimum strength from the test results, 
which is the temperature test at 120°C.  
 
Adhesive 2: 7.3 2mmN > 1 2mmN  
Adhesive 3: 8.5 2mmN > 1 2mmN (if a thin layer of activator is used) 
 
As show the force is much smaller compared to the minimum strength of the adhesive. 
 

12.3 Motor stall 
 
If the motor would go with full torque, but the load is so big that the rotor will not move, will 
the force that is developed by the torque, be distributed over all the glued area of the magnets 
on the rotor lamination stack.  
 
The following calculations are two examples of how much force there will be per glued are, 
σ : 
 

12.3.1 Example 1 
 
For this example the motor has a torque of 180 Nm with a radius of 56.45 mm. The rotor 
lamination stack has 18 poles with four magnets on each pole, which will give a total amount 
of magnets to 72. The total glued are, totalA  can be calculated with help fro the area from one 
magnet, magnetA .  
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12.3.2 Example 2 
 
For this example the motor has a torque of 16 Nm with a radius of 13.2 mm. The rotor 
lamination stack has 8 poles with four magnets on each pole, which will give a total amount 
of magnets to 32. The total glued are, totalA  can be calculated with help fro the area from one 
magnet, magnetA .  
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As these two examples shows, the force that is distributed per area will be very small 
compared to the minimum strength per area from the adhesives. 
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13.0 Conclusion 
 
This thesis was done to find out a replacement for the adhesive Adhesive 1 that Moog is using 
to glue the permanent magnets on to the rotor lamination stack in electrical motor made for 
special applications. This has to be done since Adhesive 1 will be obsolete within short term. 
The adhesives, that was tested was Adhesive 1, Adhesive 2 and Adhesive 3. 
 
The task was started by doing a literature search regarding adhesive testing methods for 
electrical motor applications. When the testing method had been defined an appropriate test 
rig was designed and suitable test equipment was selected.  
 
Finally, the required was performed and evaluated. The test results led to the conclusion that 
Adhesive 3 is the best candidate to replace the obsolete Adhesive 1.   
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14.0 Outlook 
 
Another further test that could be done to really test the centrifugal force is the following. 
After the tests that have been done in this report, the centrifugal force can be calculated and 
the amount of rounds per minute that the different adhesive should hold for can be calculated. 
This test could prove if the calculations were right.  
 
The possible test rig can be seen in Figure 72. The possible test rig is made out of one 
complete electrical motor, the black box, and a housing of an electrical motor and a motor 
shaft with rotor lamination stack with magnets glued on, the green box. The electrical motor 
will start and over two cogwheels rotate the rotor shaft where the test magnets are glued on to. 
Since the electrical motors normally only have a maximum rounds per minute of about 3000, 
one will need two different sizes of the cogwheels. The electrical motor needs to be attached 
with a bigger cogwheel then the housing with the rotor shaft. In that way, the test specimens 
can be rotated to a specific calculated speed and thereby se if the calculations are correct. 
 
 
 
 
 
 

 
Figure 72 shows a possible test rig for further tests.  
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 16.0 Attachments 
 

16.1 Rotor lamination stack 
The rotor lamination stack is, in German and at Moog called Paket. This actually means 
“package” in English, but since the manufacturer named it “rotor lamination stack” this name 
will be used in this report. It is a named rotor lamination stack since it is made from many 
lamina welded together. These laminas are made of electrical steel. The lamination stacks are 
made this way since it is easier to manufacture, but also because of the magnetic fields. The 
holes are also made to increase the magnetic fields. In Figure 73 the whole package can be 
seen, this rotor lamination stack which is show is not the exact one that is used in the tests but 
they are built up exactly in the same way. 
 
 

 
Figure 73 shows a rotor lamination stack. 

 
 
Figure 74 is a photo made up-close to the rotor lamination stack. One can see the welding that 
is made to holed the stack together, see circle 1 in Figure 74. Circle 2 shows the single plates 
that are welded together and se that there is space between them. 
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Figure 74 is a close-up photo of the rotor lamination stack and shows the welding and the 

thin plates. 
 
 
The steel rotor lamination stack is made out of a single piece of steel. The steel rotor 
lamination stack can be seen in Figure 75. 
 
 

 
Figure 75 shows a steel rotor lamination stack. 
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 16.2 Magnets 
 
The magnets that are used in these tests are the original magnet and a steel magnet, which is 
not a real magnet but a steel part that has the same dimensions that the real magnet. The real 
magnet is made out of 172CoSm and is a one inch magnet, which means that it has a length of 
one inch, 25.4 mm and a with of 9.5 mm. The real magnet can be seen in Figure 76. 
 
 

 
Figure 76 shows a real magnet. 

 
 
The steel magnet is made out of the steel C45E, and therefore does not have the magnetic 
force as the real magnet. The dimension differences between the steel magnet and the real 
magnet is that the steel magnet is higher. This is because it is going to be used for the tensile 
tests and therefore need to have o hole. The steel magnet is also used in the shear tests as well. 
The steel magnet can be seen in Figure 77. 

 

Figure 77 shows a steel magnet. 
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To make sure that the tests with the real magnets and the tests with the steel magnets are 
going to be fair the glued area are the same on both magnets, which can be seen in Figure 78. 
The scratched magnet can bee seen in Figure 79 This was to reassemble the surface of the real 
rotor lamination stack, which can be seen in Figure 74. 
 
 

 
Figure 78 shows the glued area of the different magnets. 

 
 

 
Figure 79 shows how the surface of the scratched steel magnet looks like. 
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 16.3 Quick test 
 

16.3.1 Background 
 
This test is done to see that the magnet does not break before the adhesive when force is 
applied and to see approximately how large the Lap shear strength is for Adhesive 1. This test 
will because of the circumstances only be a rough estimation. The activator that was used was 
Activator 1. This activator was used because this is the one they are using here at Moog even 
though it says on the data sheet that activator Activator 2 is to be used.  
 

16.3.2 Method 
 
These tests were done using a hand manual press with old rotor-packages and a pressure. 
These old rotor-packages still had some adhesives on them and had to be cleaned, which was 
made by using a wire brush and then also cleaned with Acetone. Also the magnets were 
cleaned with Acetone. When the Acetone was dried out the activator 7407 was applied on the 
rotor-package only and left to dry for about five minutes. During this the adhesive Adhesive 1 
is applied on the magnets. After about five minutes the magnets was placed on the rotor-
package and placed as straight as possible, so that when the force is applied the force is 
distributed on a bigger area and not just on one small spot. When one magnet is placed on the 
rotor-package a holding bar is placed on the magnet to hold it in place until the adhesive sets, 
witch only will take some minutes. When all the magnets are in place, remove all the 
superfluous adhesives and clean it up with Acetone. Leave the rotor-package with the 
magnets to cure for 24 hours.  
 

16.3.3 Tests 
 
Rotor-package 1. One ½ inch magnet (30.04.2010) 
This test was done after just over 24 hours after the magnets was glued on. I had the felling 
that the adhesive was not completely dry therefore two magnets were left on the other rotor 
package for next week.  
 
Test Nr. Force (kN) 
1 1.85 
2 1.35 
3 1.65 
4 2.5 
5 1.6 
6 0.8 
Figure 80 shows the quick test results with a one ½ after 24 hours. 
 
Rotor-package 2. One ½ inch magnet (03.05.10) 
In this case the adhesive was cured for about 96 hours. According to the data sheet the Lap 
shear strength should therefore be larger then 11 N/mm². Only two magnets are of course too 
few to really give a good estimation. This test was not planned but when the tests were 
performed it felt like that the adhesive was not completely dry and therefore a few magnets 
were left to be cured for a longer time.  
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Test Nr. Force (kN) 
1 1.9 
2 1.5 
Figure 81 shows the quick test results with a one ½ after about 96 hours. 
 
Rotor-package 2. Two ½ inch magnet (30.04.2010) 
This test was done with a different measure apparatus with a bigger scale which was harder to 
se exactly the force needed. Since these tests were done with a manual apparatus, it was hard 
to watch the scale and apply force at the same time. 
 
Test Nr. Force (kN) 
1 2.8 
2 2.2 
3 3.2 
4 3 
Figure 82 shows the quick test results with a two ½ after 24 hours. 

16.3.4 Calculations 
 
Area for one ½ inch magnet: 15.1207.125.9 =⋅  mm² 
Area for two ½ inch magnet: 3.2412)7.125.9( =×⋅  mm² 
Lap Shear Force according to the data sheet is: 211 mmN  
Lap shear force for one ½ inch magnet according to data sheet: 321.11115.120 =⋅  kN 
Lap shear force for two ½ inch magnet according to data sheet: 654.2113.241 =⋅  kN 
Test average Lap shear force for one ½ inch magnet: 

625.1
6

)8.06.15.265.135.185.1(
=

+++++  kN 

 

Test average Lap shear force for two ½ inch magnet: 8.2
4

32.32.28.2
=

+++  kN 

Test average Lap shear force for one ½ inch magnet that was cured for about 96 hours 

7.1
2

5.19.1
=

+  kN 

 

16.3.5 Result and Conclusion 
 
According to the Data sheet after the adhesive has cured for 24 hours the Lap shear strength 
should be around 11 N/mm² this gives that the force that needs to be applied to break of the 
magnet should be around 1.327 kN. The average test result after about 24 hours is for one ½ 
inch magnet was 1.625 kN, which is larger then according to the Data sheet.  
 
The difference between the adhesive that was left to cure for 96 hours and those who just 
cured for about 24 hours does not seem to be of any significant. However more tests should 
be done to be sure, two magnets are of course too little. 
 
All these test was done with a cleaned old rotor-package this could have an impact on the 
result. Even though the packages are cleaned as good as possible there could still be old 
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adhesives on the surface and in the gaps. Another thing to take into account is that in the data 
sheet they are referring to steel but this test was done with a real magnet which is made of 

172CoSm  and a rotor lamination stack which is made of electrical steel. These material 
differences could of course have an impact on the result. Another thing that has a big impact 
on the results in this test is the measuring device. Unfortunately, the measure device that was 
use did not save the maximum force but went back to zero when the adhesive broke. This 
made it very hard to se the maximum force and therefore this test should just be taken as a 
very rough estimation.   
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 16.4 Drawing Grundplatte 
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 16.5 Drawing Paket Halter 
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 16.6 Drawing Steel rotor lamination stack 
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 16.7 Drawing Gleit cylinder 
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 16.8 Drawing Druckstück 
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 16.9 Drawing Druckstange 
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 16.10 Drawing Zugstange 
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 16.11 Drawing Magnet 
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 16.12 Drawing Welle zum bekleben 
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 16.13 Drawing Platte zum bekleben 
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 16.14 Calculations 
 

16.14.1 Index 
 
F = Force 
S = Cross section area 
σ = Stress 
A = Area 
d = Diameter 
l = Length 
C = Circumference 
T = Temperature 
E = Elasticity modulus 
I = Area moment 
α = Coefficient of Thermal Expansion  
 

16.14.2 Important to know 
 
When calculations are done with the force, F the force will be 20000 N, since it is the 
maximum force that can be applied by the test rack. However this will probably never be 
reached but has to be calculated with because of safety reasons. 
 

16.14.3 Expansion of the internal diameter of the rotor lamination stack 
 
When doing the internal diameter change due to temperature one need the Coefficient of 
Thermal Expansion for steel, which is 61012 −×=sreelα .40 When calculating the diameter 
change one has to calculate with the area expansion, AΔ .41 
 
Calculations for -46 °C 
Material: C45E 

TAA Δ=Δ α20  

1T =20  
502 −=T  

70)2050( −=−−=ΔT  

externald = 45 mm 

ernald int = 26 mm 
61012 −×=sreelα   

681.8126intint =×=×= ππ ernalernal dC  mm 
2

int
2

0 22
⎟
⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛= ernalexternal dd

A ππ = 5.1059
2
26

2
45 22

=⎟
⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛ ππ  mm² 

( ) 78.170101225.10592 6
0 −=−×××=Δ=Δ −TAA α  mm² 

                                                 
40 The Science and Engineering of Materials, page 791. 
41 http://hyperphysics.phy-astr.gsu.edu/hbase/thermo/thexp2.html 
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%168.000168.0
5.1059

78.1

0

−⇒−=
−

=
Δ
A
A  

518.81998.0int =×= ernalcold CC  mm 

956.25158.81
===

ππ
cold

cold
C

d  mm  

0438.0−=Δd  mm 
 
 
Calculations for +120°C 
 

TAA Δ=Δ α20  
201 =T  
1202 =T  

100)20120( =−=ΔT  

externald = 45 mm 

ernald int = 26 mm 
61012 −×=sreelα  

2
int

2

0 22
⎟
⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛= ernalexternal dd

A ππ = 5.1059
2
26

2
45 22

=⎟
⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛ ππ  mm² 

( ) 543.2100101225.10592 6
0 =×××=Δ=Δ −TAA α  mm² 

%24.00024.0
5.1059

543.2

0

⇒==
Δ
A
A  

877.810024.1int =×= ernalwarm CC  mm 

062.26877.81
===

ππ
warm

warm
C

d  mm  

062.0=Δd  mm 
 
Difference between warm and cold 
0.062-(-0.044) = 0.106 mm 
 

16.14.4 Steel Magnet 
Will the steel magnet hold? 
Calculations also have to be done to make sure that the steel magnets will holed when force is 
applied. The steel magnets will be made out of C45E steel.42 The calculations that are made 
are the same as when calculating the diameter of the Zug- and Druckstange.43 The 
calculations will also only be calculated at one side of the hole in the steel magnet therefore it 
will only be half the force. 
 

490Re =  
2=ν  

                                                 
42 Tabellenbuch Metall, page 44. 
43 Tabellenbuch Metall, page 45. 
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215.73
2

104.255.9

245
2

490Re

10000
2

20000

mmS

NF

allowed

oneside

=⎟
⎠
⎞

⎜
⎝
⎛ −

=

===

==

ν
σ  

OKFF
NSF

onesideallowed

allowedallowed

⇒>
=×=×= 75.1792115.73245σ

 

 
This means that the magnet will hold when force is applied. 
 
Will the steel magnet be able to be used again? 
It should work to “recycle” the steel magnets if the stress during the test does not exceed the 
Yield limit of the material, which means that the magnet will not plastic deform. The formula 
that is going to be used is AFYield ×= Re . 44 The material is C45E where 490Re = . 45 
 
Sides 

5.3584315.73490Re =×=×= AFYield  N 
⇒> 100005.35843  The material will not change shape. 

 
The hole 
Enligt tores och tabellenbuch metal sid 45 

4655095490Re
105.9

=×=×=
×=×=

×=

holeYield

hole

surface

AF
dlA

AFF

 

⇒> 1000046550  The hole will not plastically deform. 
 
 

16.14.5 Minimum allowed diameter of the Druckstange and Zugstange 
This calculation is to calculate the minimum diameter of the Druckstange and the Zugstange. 
Even though the Zugstange will exposed to tensile stress and the Druckstange to pressure the 
formulas will be the same but the force in opposite direction, but the answer will be the same. 

The formula that will be used are 
S
F

=σ  and to get the highest allowed stress 
vallowed

Re
=σ  is 

used.46 The material used is C45E steel where 490Re = . 47 

                                                 
44 Teknisk Hållfastighetslära, page 50. 
45 Tabellenbuch Metall, page 44. 
46 Tabellenbuch Metall, page 45. 
47 Tabellenbuch Metall, page 44. 
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4.142.727.163

27.163
5.122

20000

5.122
4

490Re
20000

490Re
4

222

2

=⇔===⇔=⇔×=

===

===

=
=

=

=

dmmSrSrrS

mm
F

S

v

F

v
S
F

allowed

allowed

allowed

allowed

πππ
π

σ

σ

σ

 

 
The minimum diameters will 14.4 mm. The Zugstange could have a smaller diameter since it 
will just be congested with a static force but this calculation is for dynamic force.  
 

16.14.6 Buckling on the Druckstange 
Since the Druckstange will be exposed to pressure it is important to be sure that buckling 
want occur. Therefore a minimum diameter has to be calculated. The formula that is being 

used for this is 
vl

IEFallowed ×
××

= 2

2π .48 The Young’s modulus, steelE  is an approximation for 

steel.49  
 
Material: C45E 

mml
v

dI

NF
mmNGPaE

cylinder

steel

308
4

64

20000
200000200

4

2

≈
=

×
=

=
=≈

π   

mmd
E

vlFd

E
vlFdd

E
vlF

vl

dE

vl
IEFallowed

73.1664

64
64

64

4
3

2

3

2
4

4

2

2

2

4
2

2

2

=⇔
×

×××
=

⇔
×

×××
=⇔

×
=

×
××

⇔
×

×
××

=
×
××

=

π

π
π

π

πππ
 

 
Therefore the minimum diameter for the Druckstange must have at least a diameter of 16.73 
mm.  
 

                                                 
48 Tabellenbuch Metall, page 46. 
49 Tekniskt Hållfastighet, page 41. 
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16.14.7 The pin in the machine 
The pins in the test rack where one can mount the Zugstange and the Druckstange takes a lot 
of load and therefore need to be calculated to make sure it will not break when force in 
applied. The two pins can be seen in Figure 83 where the two circles are. 
 
 

 
Figure 83 shows the two pins in the test rack. 

 

NSF

mmdS

mmN
v

mmN
mmd

dS

v
NF

allowedallowed

gthshearstren
allowed

thshearsreng

6.3166614019.2262

19.226
2
12

4
22

140
4

560

560
12

4

4
20000

2
22

2

2

2

=×=×=

=
×

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
=

===

=

=

×
=

=
=

τ

ππ

τ
τ

τ

π

 

⇒ It will hold since NFallowed 20000>  
 

16.14.8 Pin in the Zugstange 
When calculating the pin in the Zugstange the same formulas are used as when calculating the 
pin in the test rack except that mmd 10= . These will also only the exposed to static loads, 
therefore 2=v . 

NFallowed 28140=⇒   
 
 
 



 86

16.14.9 Calculations for the Centrifugal force 
 
Calculations for Adhesive 3 with data from the Data sheet 

When calculating the rotations per minute the adhesive will hold for the formula 
r

mvF
2

=  is 

used.50 When the velocity, v is calculated the formula rwv =  is used to calculate w  which is 
radiance per minute.51  
 

rpmrpssrad
r
vwrwv

smvv
r

mv
r

mvF

kgm

mr

NF
mmNstrengthTensile

magnet

314003.52313.3288

65.722.527887.2388

01.0
2

04419.0
87.2388)4.255.9(9.9

9.9

2
2

2

2

⇒⇒==⇔=

=⇔=⇔=

=

=

=

=××=
=

 

According to this calculation the adhesive will be able to hold the magnet until about 31400 
rpm. When doing this calculation the magnetic force between the magnet and the rotor 
lamination stack is not included in this calculation. 
 
Calculations for Adhesive 2 with data from the Data sheet 
The same formulas as above are used. 

rpmrpssrad
r
vwrwv

smvv
r

v

vw
r

vrwa

asma

kgm

mr

NF
mmNstrengthTensile

n

n

magnet

27.1115795.18539.1168

8.2544.6665.30162

5.30162
01.0
625.301

01.0
2

04419.0
625.301)4.255.9(25.1

25.1

2
2

2
2

2

2

⇒⇒==⇔=

=⇔=⇔=

===

≥==

=

=

=××=
=

 

According to this calculation the adhesive will be able to hold the magnet until about 10000 
rpm. When doing this calculation the magnetic force between the magnet and the rotor 
lamination stack is not included in this calculation. 
 

                                                 
50 Tabellenbuch Metall, page 37. 
51 Engineering Mechanics Dynamics, page XXX. 
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16.14.10 Magnetic force 

When calculating the magnetic force the formula 
2

2
0 AM

F
μ

=  is used.52 0μ  is a magnetic 

constant.53 rB  is inductance and is measured in Tesla. The value for rB  is an approximation 
since it is hard the exact value.54 
  

( ) ( )
N

ABAMAM
F

mA

MB
m

H
TeslaB

r
m

netoneinchmag

rr

r

96
222

10413.2)0254.00095.0(

104

1

0

2

0

2
0

2
0

24
0

7
0

====

×=×=

=

×=

≈

−

−

μμ
μμ

μ

πμ

 

 
The magnetic force of the magnet will be approximate 96 N.

                                                 
52 The Science and Engineering of Materials, Page 742. 
53 http://scienceworld.wolfram.com/physics/PermeabilityofFreeSpace.html 
54 http://www.vacuumschmelze.de/fileadmin/documents/broschueren/dmbrosch/DM_PD002_de.pdf 
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 16.15 Adhesive 1 
 
Adhesive 1 data sheet deleted. 
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 16.16 Adhesive 2 
 
Adhesive 2 data sheet deleted.  
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 16.17 Adhesive 3 
 
Adhesive 3 data sheet deleted. 
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 16.18 Screw calculation with Hexagon 
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 16.19 Matlabcode 
 
clear all 
 
fn='name.vca'; 
 
[data, samplerate]=vca2mat1(fn); 
veldr1=data(:,[1])*1*1000; 
veldr2=data(:,[2])*1; 
t=[0:size(data,1)-1]/samplerate; 
 
figure, 
plot(t,veldr1); 
xlabel('t [s]'); 
ylabel(' Force [N]'); 
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 16.20 Result graphs 
 

16.20.1 Shear tests Adhesive 1 
 
Original rotor lamination stack with original magnets 
Test1 Test2 

 
Test3 
During this test the magnet broke and 
therefore the test was stopped. This test will 
be redone.  

Test4: 

 

Test5 Test6 

 
Test7 Test8 
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Test9  
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Original rotor lamination stack with original one inch magnet at 120 °C 
Test1 Test2 

 
Test3 Test4 

 
Test5 Test6 

 
Test7 Test8 

 
Test9 Test10 
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Test11 Test12 
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Original rotor lamination stack with original one inch magnet at -46 °C 
Test1 Test2 

 
Test3 Test4 

 
Test5 Test6 

 
Test7 Test8 
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Steel rotor lamination stack with original magnets 
Test1 
Had to increase the oil pressure 

 

Test2 
During this test the Siglab did not have the 
right settings. This test will be redone. 

Test3 
During this test the Siglab did not have the 
right settings. This test will be redone. 

Test4 

 

Test5 

 

Test6 

Test7 
The time was set to short. This test will be 
redone. 

Test8 
During this test the Siglab did not have the 
right settings. This test will be redone. 
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Test9 

 

Test10 

Test11 
During this test the Siglab did not have the 
right settings. This test will be redone. 

Test12 

 

Test13  
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Steel rotor lamination stack with steel one inch magnet at room temperature 
Test1 
During this test the oil pressure had to be 
increased. This test will be done. 

Test2 
During this test the Siglab did not have the 
right settings. This test will be redone. 

Test3 Test4 

Test5  Test6 

 
Test7 Test8 

 
Test9 Test10 
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16.20.2 Shear tests Adhesive 2 
 
Original rotor lamination stack with original magnets 
Test1 Test2 

 
Test3 

 

Test4 

Test5 

 

Test6 

Test7 

 

Test8 
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Original rotor lamination stack with original one inch magnet at 120 °C 
Test1 

 

Test2 

Test3 Test4 

Test5 

 

Test6 

Test7 Test8 

Test9 Test10 
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Test11 Test12 
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Original rotor lamination stack with original one inch magnet at -46 °C 
Test1 Test2 

 
Test3 Test4 

 
Test5 

 

Test6 

Test7 

 

Test8 
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Steel rotor lamination stack with original magnets 
Test1 Test2 

Test3 

 

Test4 

Test5 

 

Test6 

Test7 Test8 

Test9  
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Steel rotor lamination stack with steel one inch magnet at room temperature 
Test1 Test2 

 
Test3 Test4 

 
Test5 Test6 

 
Test7 Test8 
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16.20.3 Shear tests Adhesive 3 
 
Original rotor lamination stack with original magnets 
Test1 Test2 

 
Test3 Test4 

 
Test5 Test6 

 
Test7 Test8 
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Original rotor lamination stack with original one inch magnet at 120 °C 
Test1 Test2 

 
Test3 Test4 

Test5 

 

Test6 

Test7 Test8 

Test9 Test10 
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Test11 Test12 
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Original rotor lamination stack with original one inch magnet at -46 °C 
Test1 Test2 

 
Test3 Test4 

 
Test5 

 

Test6 

Test7 

 

Test8 
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Steel rotor lamination stack with original magnets 
Test1 

 

Test2 

Test3 

 

Test4 

Test5 
A cable was forgotten. This test will be 
redone. 

Test6 

 

Test7 

 

Test8 

Test9 Test10 
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Test11 Test12 
During this test the magnet broke. This test 
will be redone. 

Test13  
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Steel rotor lamination stack with steel one inch magnet at room temperature 
Test1 

 

Test2 

Test3 Test4 

Test5 Test6 

Test7 

 

Test8 

 
 



 116

16.20.4 Tensile strength Adhesive 1 
 
Two one inch steel magnets glue together 
Test1 

 

Test2 

Test3 

 

Test4 

Test5 Test6 
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Two one inch steel magnets with the one of the magnets surface scratched to resemble 
the gaps on a real rotor lamination stack 
Test1 Test2 

Test3 Test4 

Test5 Test6 
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16.20.5 Tensile tests Adhesive 2 
 
Two one inch steel magnets glue together 
Test1 
During this test the whole test rig started to 
vibrate, which can be seen in the graph. 
Because of this the support was done. This 
test will be redone. 

 

Test2 
During this test the whole test rig started to 
vibrate, which can be seen in the graph. 
Because of this the support was done. This 
test will be redone. 

Test3 Test4 

 
Test5 Test6 

 
Test7 Test8 
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Two one inch steel magnets with the one of the magnets surface scratched to resemble 
the gaps on a real rotor lamination stack 
Test1 Test2 

 
Test3 Test4 

 
Test5 Test6 
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16.20.6 Tensile tests Adhesive 3 
Two one inch steel magnets glue together 
Test1 Test2 

Test3 Test4 

Test5 
Here the oil pressure was to low and had to 
be increased. 

Test6 
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Two one inch steel magnets with the one of the magnets surface scratched to resemble 
the gaps on a real rotor lamination stack 
Test1 Test2 

 
Test3 Test4 

 
Test5 Test6 
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16.21.7 Additional test 
 
Adhesive 2 shear test, with a thin layer of activator 
Test1 Test2 

 
Test3 Test4 

Test5 Test6 

Test7 Test8 
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Adhesive 3 shear tests with a thin layer of activator 
 
Original rotor lamination stack with original magnet 
Test1 Test2 

 
Test3 Test4 

 
Test5 Test6 

Test7 Test8 
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Steel rotor lamination stack with original magnet 
Test1 Test2 

Test3 

 

Test4 

Test5 

 

Test6 

Test7 Test8 
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Steel rotor lamination stack with steel magnet 
Test1 Test2 

Test3 Test4 

 
Test5 Test6 

 
Test7 

 

Test8 
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Adhesive 3 tensile tests with thin layer of activator 
Test1 Test2 

Test3 

 

Test4 

Test5 Test6 
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Activator sprayed on 
Test1 Test2 

 
Normal amount of activator with larger pressure 
Test1 Test2 

 
Normal amount of activator but adhesive meshed around 
Test1 Test2 



 130

 16.22 Minimum strength calculations 
 
I assumed that these tests will be distributed as standard deviation. Thereby the minimum 
strength can be calculated, by first calculating the standard deviation, σ and then using a 
normal distribution graph.  
 
 
The standard deviation is calculated by using the following formulas: 
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A normal distribution graph can be seen in Figure 84. As one can see theoretically 95% of all 
test should lay within σ2± . However there is still a small chance that the worst case is even 
lower.  
 
 

 
 

Figure 84 illustrates the normal distribution graph.55

                                                 
55 http://globotrends.pbworks.com/standard-deviation 
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16.23 System schedule for the test rack 

Siglab Computer 

Test item 

Hydraulic system 

Siglab 

Load 
pressure 
control 
unit 

Test item 

Hydraulic system 

Siglab 

Demand value 
generated by 
potentiometer 

Test item 

Siglab 

Double-acting load cylinder 

Test item 

Evaluation of load 
cell figural Siglab 

Direction of load 

Test item 

System 
pressure 
control 

Siglab 

Servo-valve to 
apply loads 

Test item 

Load cell 
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