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Abstract: 
The disc in a rotary crusher of glass and metal in a mercury recycling 
system encounters fracture failure due to unknown reason. Possible causes 
are identified and investigated both numerically by finite element analysis 
and experimentally including modal analysis and materials, acoustic 
signature and destructive load characterisation. Knowledge is developed on 
the conditions needed for failure. It is concluded that the observed fracture 
during operation occur due to a large force rather than fatigue, and a 
hypothesis on how this may be realized is put forward. 
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1 Notations 

 Residue matrix 

 Conjugate of residue matrix 

C Actual system damping 

 Critical system damping 

F(s) Force 

[H] Mobility matrix 

H(s) Transfer function 

K stiffness 

M mass 

Q Scaling constant 

S Laplace transform 

X(s) Response function 

 Poles 

 Conjugate of poles 

 Relative damping 

 Undamped factor (rad/sec) 

Ω Undamped natural frequency (rad/sec) 

 Eigenvector (mode shape vector) 

 Transpose of eigenvector 

 Damped natural frequency 

 
 Indices 
c Damping ratio 

r number of mode 
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2 Introduction 

Since Industrial Revolution human has kept using the earth’s natural 
resources without bearing in mind the costs and consequences of this 
exploit, decreasing of these sources and the side effects of this abuse of 
natural resources like global warming and so on caused scientists to think 
of new ways to develop sustainable industries by producing less waste and 
recycle the used material in order to reduce the consumption of fresh raw 
materials. One of the most dangerous materials for nature is mercury which 
is used enormously in different kind of lamps and monitors. After ultimate 
useful life of products society needs to do something with these wastes 
which contain mercury and portend disaster for nature which long-term 
accumulation results in environmental degradation and can affect future 
human life. MRT System International AB is one of the leading companies in this 
area and by developing a recycling machine it is possible to separate the mercury 
and glass and the purpose is to develop and increase the efficiency of this industry 
as much as possible. 

 

2.1 Problem Addressed 

The system which is going to be studied is part of a mercury recovery device 
which has the duty of crushing of the fed material in order to facilitate the process 
of recovery, after separating the metal part from the glass they are fed to two 
different crushers (shown in the picture) and distillers for recovering mercury and 
also reusing the metal and glass. The reason of studying on this part is that due to 
some unknown reasons the crusher disk smash into pieces during the work. The 
challenge is that regardless the working hour and material fed to the device, failure 
can happen during the few first working hours or after working for a couple of 
months. 

The materials fed to the device are all different parts of HID lamps, CRTs, 
Batteries and other Hg Waste; the crushing process is done by the same 
manufactured disk installed on two different motors with different rotation speed, 
one using for glass parts and the other crush metal parts.  
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Figure 2.1. Crusher assembly which crush glass and metals. 

 

2.2 Aim and Scope 

Based on problem the important issue is how to address the potential reason 
to reach a good answer. There are different reasons which may cause this 
problem and it will be mention later. The point is that one thesis work 
cannot cover all this subjects and for a better result it is needed to narrow 
down some specific reason and by doing some theoretical and experimental 
analysis and tests try to get answer. The main focus is on the rotary disk 
itself in order to check the casting process; hardness and also checking to 
see how similar the produced parts are. This needed to be done between the 
parts from different produced batches but the problem was that currently all 
parts were from a same batch. 

 

2.3 Method 

The total work is consisting of four different investigations on the rotary 
disk. First of all the easiest and quick way to find out is there are crack in 
the part or not is to use ring test. This test needs kind of experiment on 
sound of a proper part. In order to be able to document this experiment the 
sound was recorded and then the data was plotted by the help of MATLAB. 

Second, because the first experiment gives results showing no visible 
problem, in order to make the experiment more accurate modal testing was 
carried out and resonance frequencies was specified in order to check if the 
resonance of the motor can motivate and affect the part during the work or 
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not. Afterward the power distribution of the crusher device was recorded 
also to check the effect of working condition on rotary disk. The accuracy 
of the data was checked by using the curve fitting method. The hardness 
was checked by the company and the results will be shown later. The last 
experiment was destructive test. According to the companies information 
they had tried in different ways to break the rotary disk and the failed to do 
that, so based on a broken part which was send from one of the customers 
the situations was tried to be simulated by the help of ABAQUS and 
finding the approximate force needed to break the disk.  
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3 Studied system 

The system has the duty of crushing glass and metals to recover mercury 
and recycle the material to use them again. The feeding of the material to 
the system does not have a specific pattern so the load can be applied to the 
part randomly according to the amount and the material fed to the crusher. 
The rotary disk is mounted on to different motors with different RPMs 
separately use for glass and metal. 

3.1 The crusher 

The final aim is to find the problem and solve it in order to increase the 
working performance and customer satisfaction. But for starting it is needed 
to specify the possible options causes disk breakage and a comprehensive list 
of all major potential risk factors should be identified, then start to eliminate 
those which seems to be less likely the reason and then investigate some 
potential errors further and document them in order to be useful for more 
investigation until the problem is solved completely. 

The rotary disk which has the duty of crushing materials and sometimes 
breaks during the operation is made of ductile cast iron (ASTM-A536). The 
part is fully casted without welding along with a plate is fixed to keep four 
rings which do the crushing. 
 

 
Figure 3.1. Disk, rings and plate. 
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 In order to get the expected quality two other process of hardening and 
machining are also operated on each part. The chemical properties of the 
part according to the Swedish production company are as follow [Data 
provided from MRT System International AB]: 

Table 3.1.Chemical composition 

Analys Oven Gods 

  C   3,50 – 3,70   3,40 +/- 0,10 

  Si   1,40 +/- 0,05   2,40 +/- 0,10 

  Mn   0,20 – 0,25   0,20 – 0,25 

  P   Max 0,06   Max 0,06 

  S   Max 0,015   Max 0,015 

  Cu   0,39 – 0,40    - 

  Cr   Max 0,05    Max 0,05 

  Ni   Max 0,10   Max 0,10 

  Mg   -   0,05 +/-0,01 

The other properties are shown in the following table [1]. 
 

Table 3.2.Properties of ductile cast iron 

Property Value in metric unit 

Density 7.2 10   

Modulus of elasticity 172  
Poisson’s ratio 0.275  

Thermal expansion(20°C) 11.6 10 °  

Specific heat capacity 506  

Thermal conductivity 32.3  

Electric resistivity 6.0 10  
Tensile strength 496  
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Yield strength 345
Shrink 0.5 1.0 % 

Shear strength 372  
Fatigue strength 290

Hardness (Brinell) 200 260
Wear resistance Low 

Corrosion resistance Low 
Weld ability Low 

Machinability Good 
Cast ability Good 

Shock resistance Medium 
 
This rotary disk is mounted on two different motors which one is used for 
crushing the glass and the other one is for metals.  

The one use for metal has a power of 4 kW and speed of 950 rpm and the 
other one is 3 kW and the speed is limited to 710 rpm. 

3.2 Failure 

In order to be able to go forward accurately it is needed to know what had 
happened to the previous broken parts and in which condition and for how 
long they had worked. But unfortunately the documentation is not accurate 
enough because it happens sometimes the customers do not report the 
failure or even if they report they do not tell what happened exactly so this 
makes the process a bit more difficult on the other hand this problem is not 
very common to happen regularly that allow us to start gathering a good 
report. 

There are 13 numbers of reports from the customers which 12 had 
mentioned that those had been fed metal and aluminum end caps and other 
metals to crush. The one who had used the disk to crush has given no more 
information about the working condition and how it happens. 

This means that most of the failure happens while the machine is working 
with hard materials. 

3.3 Potential Problems 

The final aim is to find the problem and solve it in order to increase the 
working performance and customer satisfaction. But for starting it is needed 
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to specify the possible options causes disk breakage and a comprehensive list 
of all major potential risk factors should be identified, then start to eliminate 
those which seems to be less likely the reason and then investigate some 
potential errors further and document them in order to be useful for more 
investigation until the problem is solved completely. 

The potential reasons which may cause failure and break of the rotary disk 
can be estimated as follow: 

1. Design of the part. 

2. Basic materials for producing the part. 

3. Poor assembly. 

4. Casting process. 

5. Extra vibration effects. 

6. Hardening process. 

7. Temperature of the working area. 

8. Poor maintenance. 

9. Machining process. 

10. Electrical fluctuation. 

11. Wrong feeding material. 

12. Humidity of the working area. 

13. Shipping deficiency. 

Possible works regarding the potential reasons: 

1. What is needed here is to check the designed part and. One way is to 
check and analyze it by computer aided design programs like 
ABAQUS, or Autodesk Inventor in which we have the possibility to 
mesh the part and by the help of finite element method and then 
applying random loads in different directions and points study the parts 
behavior. 

2. Considering the working condition and feeding materials it is essential 
to investigate what is the appropriate material for producing the crusher, 
what is going on now is that for both glass and metal part of the 
recovery process crusher is the same. It can be more economical if we 
find out that we can build a cheaper crusher by using cheaper material 
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with less resistance for the glass crusher and for crushing the harder part 
may be using more strong materials. 

3. Because of the rotation of crusher, it is important to mount the part 
accurately and in the middle so there is equal space between the disk 
and the outer case. It is of great importance to check and keep the main 
shaft nut fastened in order to avoid extra vibrations. 

4. Casting process is playing a critical role in the part. The way of cooling 
has a great importance which can lead to a fine-grained casting if the 
cooling time is fast and it can be a coarse-grained casting for area which 
cools slowly and this can affect strength and fatigue life. The problem is 
that it is possible to check the surface of a casted product with a naked 
eye but usually the problem occurs in the middle of the part which get 
cooled at a low speed and for analyzing this part we need to do some 
NDT tests like acoustic test or comparing the FRF of some different 
disks from the same and different batches by the help of modal analysis 
to get some knowledge about the part. 

5. External forces should be analyzed carefully and also it is important 
how and where the crusher is located. If the crusher is not fixed on the 
ground the rotation of the rotary disk can cause vibration to whole 
crusher part which is unstable on the ground and this can consequently 
affect the crushing forces and at last uneven load distribution to rotary 
disk while crushing fed materials. 

6. Surface hardening is the process of hardening the surface of metal, after 
a low carbon steel has been formed into its final shape. Meanwhile this 
can make the part brittle which it can break more easily, if the 
hardening is more than what is necessary for the working condition. For 
testing the hardening of the part some indentation hardness tests, the 
Vickers hardness test, Brinell scale or Rockwell hardness test may be 
used, on the other hand we need to find out the maximum pressure or 
load and other factors to investigate what is the appropriate hardness for 
the target part. 

7. All materials have a limit for its working condition. High temperature 
or low temperature can make change to the characteristics of the part so 
the optimum working temperature should be defined and clearly 
announced to the customer for a perfect and efficient work. 

8. All products need maintenance and services periodically to work 
properly with better efficiency, there is a possibility of getting some 
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material stuck in the crusher when you stop working and by running it 
for the next time the crusher needs more power than what is usually 
needed and again crack occurs in the part.  

9. Machining can also cause some defect on ductile and grey cast iron like 
hydrogen pinhole, nitrogen blowhole, carbon monoxide blowhole, 
shrinkage which these are needed to be studied in detail and find out the 
characteristic of each deficiency and its way of solution. 

10. As far as the rotation of crusher is done by an electrical motor, electrical 
fluctuation can lead to rotary speed changes and this can cause some 
sudden shocks considering the amount of material crusher has been fed. 
In this case the load is more than what is expected so it can easily cause 
a fracture in the part or got overloaded and break the part immediately. 

11. The materials which are going to be fed to the crusher should always be 
checked because sometimes there are extra materials which by mistake 
have been fed to crusher and according to its resistance it can cause 
failure for device. 

12. Considering the world wide area product distribution it can be 
interesting to check if the humidity in parallel to the other factors like 
temperature can affect the life time of the part or not. 

13. This is one of the common problems for the cargos which have long 
journey and for example falling down can cause a small fracture on the 
part which can greatly decrease the part’s life time. 
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4 Theory 

In order to get better results from experiments it is better always to go 
theoretically along with experiment. Considering the condition and part one 
of the best ways to analyse the part is using finite element method that is 
one of numerical methods which make complicated problems easier to 
solve and some of the CAD programs like ABAQUS using the same 
method to solve the problem. Another theory which is used is Modal 
analysis which helps to find the natural frequencies of the system and this 
was used to compare how similar different parts are. Finding the natural 
frequencies gives us only information about the part itself but when the part 
is mounted on the crusher device then the situation is different and it is 
better to check the power distribution in a range of frequency and check if 
this can affect the resonance frequency of the rotary disk or not and for this 
purpose power spectral density (PSD) has been used. 

4.1 Introduction to Finite Element Method (FEM) 

In the field of engineering there are lots of physical phenomena which can 
be described in terms of partial differential equations (PDE) and these 
cannot be solve by analytical method when it becomes complicated, it is 
also hard to find out the exact answer of a complicated polynomial 
equations, so one way is using numerical methods to approach to the 
answer with minimum errors like FEM. This can be done by eliminating the 
differential equation for steady state problems or make an approximation of 
ordinary differential equation and using methods like Galerkin, Runge-Kuta 
or Euler’s method for solution [2]. 

The basic concept is to discretise a structure or part to smaller elements 
dimension with specific number called finite elements. These connected 
elements produce number of joints which is called Nodes and each element 
should be to somehow formulate such a way that gives the same property as 
the whole structure. Then by assembling the equation for each element 
form the global domain to be solved easily [2]. To solve the problem on 
paper although it is easier in compare to analytical method meanwhile it 
can be demanding and time taking. One of the reliable software using finite 
element method to give deformation of structure on a specified load and 
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boundary conditions, driving the stress and specifying weak points of the 
structure is ABAQUS which can be also helpful for improving design of 
the part. 

4.2 Modal Testing 

4.2.1 Introduction to Modal Testing 

The Modal Testing can be accomplished in two different types of test. The 
first is a test where the component or part is vibrated with a known 
excitation usually out of its normal service environment; the second is one 
where responses and vibrations are measured using the original forces of 
the working condition while the structure is on operation. For studying a 
specific part the first test is more accurate and can provide more detailed 
information to use as it is possible to create a controlled condition in 
comparison to the second one [3].  

The important concern is to evoke the reason of doing such a test. What is 
the desire outcome from the modal test and what we are going to study by 
the information? This can lead us to the desired result to get the maximum 
use from what we have achieved during the test. 

In general the modal tests embark on to achieve a mathematical model of 
the part or structure but in reality it is used in different ways according to 
the requirements of the process. The most commonly used application is to 
get some information by vibrating the structure and then compare these 
measurements by a theoretical model like FEM. But prior to this some 
rudimentary information is needed to start the experiment in order to 
increase the accuracy of the experiment. In some other cases the experiment 
is done for the purpose of comparison of the gathered information from the 
different vibrated structure to increase the mathematical model for model 
refinement. There are also other purposes for the experimental modal 
testing which are not pursued in this thesis work [3]. 

In order to have a comparison between simulated model and the real model 
it is possible to follow the curve fitting technique and by the help of some 
MATLAB toolboxes it is possible to drive the mode shapes at different 
resonant frequencies. 
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4.2.2 Measurement planning 

It is important for the modal analysis how to prepare the experiment and 
how to perform the test because everything can affect the test and gives 
inaccurate data. The following points should be considered when modal 
testing will be done. 

1. How to suspend the test part. 

2. Specifying the excitation points. 

3. Specifying the accelerometer mounting point considering not 
putting accelerometer on node to get good information. 

4. Using impact hammer with appropriate tip considering the 
frequency range [3]. 

 

Figure 4.1. Impact hammer. 

 
The rule of thumb should be remembered also which says: “The mass of the 
accelerometer should be less that 10% of the apparent mass in the 
measurement point”. But in this thesis the main purpose is to find out if 
there are any differences between the same rotary disks which have been 
produced or not [4,5].  

 
4.2.3 Modal Analysis and Modal Model 

In modal testing the object should be vibrated by applying a force F(s), 
following the force, system will response to it X(s). The ratio between 
system response and the force give us transfer function H(s). 

Considering Laplace transform for MDOF system it can be written: 
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                 (4.1) 

By solving the system characteristic equation, the roots are: 

,                   (4.2) 

The ratio of the actual system damping to the critical system damping gives 
the damping ratio . 

0                       (4.3) 

Ω               (4.4) 

                (4.5) 

, 1 Ω                    (4.6) 

Since the system here is an under damped system which means 1 it is 
possible to write the upper equation as follow: 

,               (4.7) 

By using the equation (6) it can be drive: 

√
              (4.8) 

 Ω              (4.9) 

Ω √             (4.10) 

And get the transfer function: 

            (4.11) 

Where  and  are the poles of the transfer function and are conjugates of 
each other. 

                 (4.12) 

             (4.13) 

          (4.14) 
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Assuming ) we can drive: 

          (4.15) 

           (4.16) 

Finally the modal model can be generally written as: 

∑          (4.17) 

A is the residue matrix for mode r and can be calculated as a product of 
eigenvector  by its transposed matrix, multiplying a scaling constant. 

   (4.18) 

Sometimes it happens that computational poles exist in the system so it is 
not possible to assume them as complex conjugate pairs and the following 
formula should be used, which is time domain [6]. 

∑           (4.19) 

4.2.4 Power spectral density (PSD) 

In every signal which can be from a random process, acoustic wave, 
electromagnetic wave and so on, there is some energy. If multiply this by 
an appropriate factors the power which is carried by the wave will be given. 
Power spectral density shows the strength of the energy and the magnitude 
in specific frequencies and tells where these variations are bigger [7]. 

The benefit of using this tool is that power spectral density can gives 
information about the energy in the system. For example if a device is 
running by a motor there may be some unwanted vibrations in the system, 
by this way we can look at the PSD plot and from the power distribution in 
a range of frequencies, detect at which frequency and by what magnitude it 
happens [7]. 
 

4.3 Introduction to ABAQUS 

ABAQUS is a computer aided engineering software application which 
mainly uses for analysing the simulated parts and also for drawing some 
simple parts. The program can analyse parts by using some numerical 
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methods like FEM and gives the approximate stress due to the force and 
show deflection in different places and also specifying the weak points of 
the structure. The result is also dependent on how and how many elements 
are introduced; it is possible to mesh a part in different ways. It is possible 
also to import designed file of other programs into ABAQUS to do stress 
analysis and do both statistical and dynamic analysis. One of the benefits of 
having software programs is that it can be really helpful for engineers to 
save time and money for experiments which need some basic knowledge to 
be able to start a useful and accurate experiment. For example for doing 
Modal analysis one of the most important things is to know which points 
should be selected to motivate the mode shapes. If the points that are 
selected are located on the nodes of the structure then the experiment 
wouldn’t be accurate enough to be able to rely on the results. Using this 
kind of software can save a lot of time since finding out the information by 
just doing try and error can be demanding and difficult [8].  

On the other hand it is possible to use ABAQUS to get the natural 
frequencies and plotting Frequency response function (FRF) of the 
structure. This can be very helpful if done correctly before running the 
experiment because an approximation of results which should be obtained 
during the experiment is available in forehand. 

 
4.4 Ring test 

This test is common for grinding wheels and parts which doesn’t have 
complicated shapes, it is usually used to check if there is any crack on the 
part or not but it is not a very accurate way of investigating cracks and is 
said to be good for testing the parts just before using them. The reason that 
is good for grinding wheel is that by having more complicated shape the 
sound will be different and it is more difficult to check if the sound is good 
or there is something wrong with the part. Ring testing also depends on the 
damping characteristics of a cracked part to alter the sound emitted when 
the part is tapped slightly and is highly depended to the inspector’s ability 
of the assessment on the sound and this needs lot of experience and also a 
good hearing ability. To perform the ring test, part should be tapped gently 
with a light nonmetallic device, such as the handle of a screw driver, since 
the part is not very big and complicated. What we need to bear in mind 
while testing is that:  

1. It is needed to tap the part in different parts like each 45 degree. 
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2. The part should be clear and dry; otherwise the sound may be deadened.  

3. An undamaged part should give us clear tone. A dead sound usually 
means crack [9, 10]. 

The problem is that according to the material used for the production the 
sound differ from part to part so for each product at first you need to have a 
source sound from an intact part to be able to compare the other sounds 
with and be sure about the precision.  

In order to solve this problem a microphone is used to record the ring sound 
and then it has been processed using MATLAB to plot it and see how much 
similarity exist between different parts. 

4.5 Hardness Testing 

In order to increase the efficiency of the metal objects like ductile cast iron 
sometimes the working condition needs a harder part to be used and for this 
purpose usually hardening is done on the part. After this procedure and 
before using the hardened part it is needed to be sure about the accuracy of 
the process, Indentation hardness tests shows the hardness of a material to 
deformation. One of the advantages of this test is that it is a nondestructive 
test and has an economically importance. 

Some of the common hardness tests are Vickers hardness test, Brinell 
hardness test and Rockwell hardness test. 

The general procedure of the test is that by applying force, resistance to 
indentation is checked. Considering the magnitude of the load it is a micro 
indentation or macro indentation tests which the first one has usually forces 
less than 2N. The Hardness number can be achieved regarding the test, for 
example in the Rockwell test it can be read directly from the indicator on 
the device but for the Brinell test it is needed to have the diameter of the 
ball penetrator and diameter of the impression. Hardness test can only give 
us relative idea of material properties and to somehow resistance of the 
material to plastic deformation and is not fundamental material property 
[11]. 
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5 Investigations 

According to cited potential errors, part design and casting were among the 
first prioritized potential problems. To check if there is any major problem 
in some specific parts, ringing test, a quick and easy test was chosen. 
Further in order to make the investigation more accurate and find out more 
information modal testing was done and the power spectral density of 
working condition was recorded and plotted. The other possibility which 
may cause failure of the parts was hardness and this was investigated by a 
liable company and results were delivered. The other test was destructive 
test which was tried to break a part which was failed during the work and 
customer had send it back to the company and this test was to somehow 
important for MRT System International AB, which tried  to break the part 
and this effort was not successful. 

5.1 Ring test 

The ring test is run usually by tapping the object and listening to the sound 
in order to find out if there is crack in the part or not and it depends to the 
person’s experiences who run the test knowing about the correct sound and 
by this way it is not possible to document the test. In order to be able to 
make the test more accurate the sound is recorded by microphone and the 
signal is plotted in MATLAB [12].  

Four different points have been chosen for the ring test as follow: 
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Figure 5.1. Selected points for Ringing test. 

 

5.1.1 Results 

The following plots compare the response of four different points tapped on 
one of the parts which is taken randomly from the same production batch.  

There are five more parts that has been studied that the results are nearly 
the same and to avoid using lots of figures these plots and results can be 
found in appendix. 
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Figure 5.2. Ringing test on point 1. 

The frequency range that is shown here is up to 8000 Hz but in further 
works with modal analysis the frequency range is up to 4500 because of the 
accuracy limitation of devices which have been used. 

 

Figure 5.3. Ringing test on point 2. 
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The amplitude of the force is slightly different in each experiment and this 
is because the experiment was done manually and it is difficult to adjust the 
force accurately. 

 

Figure 5.4. Ringing test on point 3 

Still we can see the same resonance frequency although the amplitude of 
the force is different. 

 

Figure 5.5. Ringing test on point 4 



27 
 

5.1.2 Discussion and Conclusion 

Comparing all six different parts, It can be seen that the results are nearly 
the same, although little different can be seen but in all tests the first 
resonance frequency is around 2000 Hz and the other three resonance 
frequencies are between 3500 and 4000 Hz. This can be also perceived later 
in Modal testing and because the accuracy of the Modal testing is up to 
4500 Hz. The reason for checking the resonance frequencies is to see if the 
resonance frequency of the motor could affect the part or not and as far as 
in the faster motor rotate at 950 RPM produce frequency around 16Hz 
which means that the accuracy of 4500Hz is enough for the experiment. 

 
5.2 Modal testing 

To run the test as it has been described before it is needed to prepare proper 
test condition. Points that are needed to be tapped should be indicated and 
accelerometer should be accurately mounted on a chosen reference point 
which is not a nod to record the information. For the experiment the 
following equipment’s are needed. Impulse hammer, Accelerometer 
national instrument to transfer data to computer and MATLAB to record 
and save the data.  

The boundary condition and how to keep the part can extremely affect the 
results. Although the natural frequency of the part is different while it is 
mounted on real working condition but it still gives us useful information to 
compare parts by just hanging them and run the test considering the same 
condition for all parts. 
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Figure 5.6. Position of the disk and accelerometer for test. 

5.2.1 Results 

The result of the experiment will be shown in the following plots 
comparing each point with the plot obtained from ABAQUS by applying 
the force in the same place as the real test. 

The points have been chosen as follow: 

 

 

Figure 5.7. Chosen points for tapping by impulse hammer. 
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5.3 Curve fitting 

It is possible to animate the mode shapes by the help of MATLAB and also 
check the accuracy of the experiment by using the curve fitting method [13] 
which shows the difference between the analytical solution and experiment.  

First it is needed to change the FRFs from Accelerance to mobility in order 
to create the appropriate matrix as follow. 

… …
…
…

…
…

…
 

5.3.1 Results 

By plotting the stability diagram there will be some green stars as poles 
which the stable one on resonance frequencies is needed to be picked to be 
able to run the curve fitting.  

 

Figure 5.17. Stability diagram. 

There is some noise 2500 Hz but still we can see the resonance frequencies 
and by clicking on the 5 resonance frequency in this area we get 12 plots 
for 12 point which has nearly good accuracy. 
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The last one is added to show the accuracy of measurement. 

 

 

Figure 5.18. Curve fitting plot. 

 The dimension of the points that has been taped by impulse hammer and 
displacement which has been calculated are shown in the following table. 

Table 5.9. Dimension chosed to tap by hammer. 

Point number X Y 
1 60.8112 60.8112 
2 60.8112 -60.8112 
3 -60.8112 -60.8112 
4 -60.8112 60.8112 
5 86 0 
6 0 -86 
7 -86 0 
8 0 86 
9 15.9099 15.9099 
10 15.9099 -15.9099 
11 -15.9099 -15.9099 
12 -15.9099 15.9099 
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There is no possibility to show the animation in word document, so only 
one view of vibration is shown here. The star nearly shows the reference 
point. 

 

Figure 5.19. Mode shape from first natural frequency by MATLAB. 

The black line is the stable condition of the disk and the red line shows 
mode shape at first resonance frequency. 

5.3.2 Discussion and Conclusion 

The mode shape derived from modal testing is not identical to the first 
mode shape of ABAQUS although both are from the first resonance 
frequency, the reason is because in the reality the two first resonance 
frequency which one is probably repeated resonance frequency cannot be 
seen so the mode shape is a little different from ABAQUS but as far as the 
data is not going to be used for improving the part design and it is only used 
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for a comparison between the different parts and also checking the accuracy 
of the experiment it is reliable. 

 
5.4 Running the machine 

It is useful to check the characteristic of the rotary disk while it is working. 
This can be compared while different materials are fed for crushing in the 
machine. According to the position of the part and its working condition 
there is no possibility to mount the accelerometer on the crusher because all 
parts of the rotary disk is in touch with the fed materials with lots of energy 
which can easily break the accelerometer. So the accelerometer should be 
mounted outside where there is no extra material to hit it and this cause 
another problem which means that there is a new system with new natural 
frequencies and new characteristics which is not the same as information 
obtained from rotary disk. The useful experiment which can be done is 
recording the signals of the machine while working in different conditions 
by feeding glasses, end cap aluminium, and hard metal to compare the 
response and plotting the power spectral density (PSD) of the system which 
can tell us about the magnitude of the power produced during the work. 

At first the same accelerometer which had been used for impact testing on 
rotary disks was attached on the outer side of the housing on the machine 
which rotary disk is placed inside and crushes the material and it was kept 
in the same place while different materials were fed into machine. The 
machine was started and the given signal for rotation of the empty machine 
was recorded. This was done for three other feeding materials and 
information was recorded which will be shown in the following figures. 

 

Figure 5.20. Accelerometer attached on outer side of housing. 



41 
 

5.4.1 Results 

The following figure and plots are results of the experiment while the disk 
was mounted and worked in real condition. 

 

Figure 5.21. Data recorded from accelerometer attached on crusher 
assembly. 

The PSD of the system after calculating by the help of MATLB is as 
follow. 
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Figure 5.22. PSD calculated in different working condition. 

5.4.2 Discussion and Conclusion 

Figure 5.21 shows the effect of three different materials. At first the device 
was run empty and without any load for 30 seconds which the black line is 
showing it. Two different experiments performed feeding glass into crusher 
and it is obvious that at the time of feeding there is a sudden shock in 
magnitude and gradually decreases until the new material are fed to again 
but two different experiments show nearly the same magnitude, little 
difference is because of the quantity of the material fed to the crusher. 
Comparing these data to the data recorded while the crusher was running 
empty it can be seen that difference of the magnitude is not that much 
remarkable. 

There are two other information in the plot which related to the aluminium 
end caps and some hard metals and bolts which was fed to the device to 
check the response of the crusher and also checking if feeding wrong 
material among the other original material can cause failure of disk or does 
it have any other effects or not. 

Logically it seems that hard material should be more dangerous for the 
device while it is working but as it can be seen in the above figure, this is 
the aluminium end caps which produce bigger magnitude. The experiment 
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for aluminium caps was 15 seconds and the crusher was operating with 
hard metal and bolts for nearly 1 min.  

Figure 5.22 shows that largest amount magnitude belongs to aluminium end 
caps and bolts and also the aluminium has bigger magnitude in compare to 
bolts. It is plotted up to 2500 Hz because after that there is no remarkable 
picks, by calculating the root mean square value and standard deviation of 
the data it can be calculated that nearly 90% of the power is in this 
frequency range. 

According to figure 5.23 most of the power for bolts is accumulated in 
three different parts 300-900HZ, 1450-1600 Hz, 2250-2400Hz. 

If we find out the RMS value of a frequency range and by having the 
standard deviation it can be seen that nearly 60% of the power is between 
1450-1600 Hz. 

For the bolts we have approximately 87% of the power in the range of 20-
2500 Hz. Nearly 66% of the power is between 300-800Hz, 20% of the 
power is in the range of 1140-1240 Hz, 34% is between 1450-1600 Hz and 
28% is between 2210-2310 Hz.  

This tells that there is not a lot of power accumulated in the range of first 
natural frequency of the part.  

 
5.5 Hardness test 

5.5.1 Results 

The hardness process has been tested on four different parts as well as the 
one which was broken during the work and the result was 52 to 55.5 but the 
direct conversion to Brinell hardness number is not possible because the 
applied force and conditions for Brinell and Rockwell hardness test are 
different.  

5.5.2 Discussion and Conclusion 

This means that the accuracy of the hardening process is also acceptable but 
as far as there is not a specific way of converting Rockwell to Brinell 
hardness number it is still needed to investigate if this is exactly the same as 
what decided for the part material or not. 
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5.6 Destructive test 

The last part of the experiments is destructive test on a broken part which 
had been used by customer for a while, but there is not enough information 
about the working hours of the part. The form of breakage shows that the 
part has been broken due to a huge and sudden force and no fatigue or 
fracture has occurred.  

 

Figure 5.23. Broken part during work. 

This is what can be seen by naked eyes, but still more accurate 
investigation should be done on the part. By assuming that this has 
happened by a sudden force the part was analyzed by the help of ABAQUS 
to find out how much force is needed and in which direction to pass the 
yield stress of the material that part has been made of. Different places, 
magnitude and direction has been checked by the help of ABAQUS and the 
place and force that will be shown in the following figures are the most 
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Figure 5.25.Assembly of disk and rings. 

In order to be able to simulate the condition near to the reality it is needed 
to use pressure in ABAQUS. Giving 215  (nearly 65000 N force), the 

stress is nearly 509  which is more than yield stress and tensile stress of 

the part, by giving 50000 N force also the magnitude of stress is 393  
which pass the yield stress. The part deformation for first force is like 
bellow although the maximum stress happens in the same place for second 
force as well; the maximum stress has been marked red. 
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5.6.1 Results 

 

Figure 5-27, Handmade part used for experiment. 

The part was placed in a good and stable position in order to start giving 
force. 

 

 

Figure 5.28. Position of the disk and boundary condition. 
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The force needed to break the part is nearly 7 tons or a little more. 

 

Figure 5.29. Applying force by hydraulic press. 

The hydraulic press that was used in the experiment is 30 tons, so we need 
to read the blue line of the gage. 

 

Figure 5.30. The pressure gate just before part break. 

The result of the test is not identical to what has happened during the real 
work but it has nearly the same pattern. In the following picture it can be 
seen how the part has broken and it also shows that the ABAQUS 
simulation is quite accurate because the break happened at the same place 
that there is more stress. 
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Figure 5.10. Broken part similar to one which had break during the work. 

The test was repeated three times for all three pins that were remained 
unbroken and the needed force was nearly the same. 

It is required to consider that there can be leakage of hydraulic in the press 
and also there are some other factors that is not possible to be omitted 
during a real test. 
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6 Conclusion 

In summary, in order to explore the reason of the fracture failure work was 
primarily focused on the rotary disk itself, the design, casting, and 
hardening was investigated. 

From modal analysis it could be understood that the investigated parts 
which the production company had provided from a similar batch were 
nearly identical and there were no significant differences or specific 
problems that modal analysis could show. Although fatigue and fracture 
analysis has not been the major focus of this study, it is important to note 
that future new parts need to be studied specifically in terms of the 
aforementioned cases.  

The destructive test showed that by applying a specific force, it was 
possible to simulate the break pattern which had happened during the work. 
This meant that crack and fatigue was not always required to dismantle the 
part as it could happen suddenly. But the force will not be created easily 
and needs extra material to accumulate in the assembly part so as to build 
up enough energy to cause breakage. This is more probable by feeding the 
crusher soft metal and the reason considering the part design could 
probably be the brims' angle which may have caused this problem. All 
things considered, it is not possible to state that the reason of the problem is 
understood by this work yet the experiment brings forth clarifications and 
guidelines to pave the way for better and more accurate future studies. 

 

 
6.1 Further works 

The total work in this thesis focuses on stress analysis and natural 
frequencies of the rotary disk. The modal testing shows that the quality and 
similarity of the parts are acceptable but still this not for sure for all the 
parts because the parts available for all analysis was from a same batch that 
producer company had provided before so further investigation on new 
parts from new batches can still be studied. One of the probable causes that 
may lead to disk failure is wedging of the ring which is due to build up 
force from gather materials, these materials are most likely metals and it 
cannot be hard material because the experiment showed that very hard 
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material can damage the motor also as increasing the temperature of the 
motor was observed while feeding crusher with bolts and metals. So a poor 
assembly with feeding soft metals like aluminium end caps and lamp’s 
filaments to make condition for gathering and compressing material to see 
how much force they can produce and if it is possible to brake the part in 
this condition or not. 

The other possibilities that has been mentioned in the beginning can be 
consider and of course there can be some more reason that has been 
neglected or forgotten to be mention in this thesis and can be investigated 
later. 

• There is no obvious crack in studied parts produced from a same 
batch  considering the casting process. 

• The excitation frequecy of the system does not reach the natural 
frequency of the part. 

• Build up force can be considered as an important reason of product 
failure. 

• The breakage occurs usually suddenly due to accumulated energy 
rather than expansion of a crack or fatigue. 

• Due to the random force, there is no possibilty to guess the crack 
pattern all through the work. 
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A. Plots of the ring test 

The first point 

 

Figure 7.1. Ring test for part one, point one. 

 

Figure 7.2. Ring test for part three, point one. 
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Figure A.3. Ring test for part four, point one. 

 

Figure 7.4. Ring test for part five, point one. 
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Figure A.5. Ring test for part six, point one. 

The second point: 

 

Figure 7A.6. Ring test for part one, point two. 

 



60 
 

 

Figure 7.7. Ring test for part three, point two. 

 

Figure 7.8. Ring test for part four, point two. 
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Figure 7.9. Ring test for part five, point two. 

 

Figure 7.10. Ring test for part six, point two. 
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The third point: 

 

Figure 7.11. Ring test for part one, point three. 

 

Figure A.12. Ring test for part three, point three. 
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Figure 7.13. Ring test for part four, point three. 

 

Figure 7.14. Ring test for part five, point three. 
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Figure 7.15. Ring test for part six, point three. 

The fourth point: 

 

Figure 7.16. Ring test for part one, point four. 
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Figure 7.17.  Ring test for part three, point four. 

 

Figure A.18. Ring test for part four, point four. 
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B. Coherence function from Modal testing 

Coherence functions at twelve points of six different parts: 

 

Figure A.21.Coherence function of modal testing at point one.

 

Figure A.22.Coherence function of modal testing at point two. 
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Figure 7.23. Coherence function of modal testing at point three. 

 

Figure 7.24. Coherence function of modal testing at point four. 
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Figure 7.25. Coherence function of modal testing at point five. 

 

Figure A.26.Coherence function of modal testing at point six. 
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Figure A.27.Coherence function of modal testing at point seven. 

 

Figure A.28.Coherence function of modal testing at point eight. 
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Figure A.29.Coherence function of modal testing at point nine. 

 

Figure A.30.Coherence function of modal testing at point ten. 



72 
 

 

 

Figure 7.31.Coherence function of modal testing at point eleven. 

 

Figure 7.32.Coherence function of modal testing at point twelve. 
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