Master's Degree Thesis
ISRN: BTH-AMT-EX--2015/D06--SE

Impact Failure Assessment on
Crusher Disc by Rigid and ElastoPlastic Body Approximations

Cagatay Bankaoglu

Department of Mechanical Engineering
Blekinge Institute of Technology
Karlskrona, Sweden
2015
Supervisors: Magnus Nilsson, MRT System International, Karlskrona
Ansel Berghuvud, BTH

IMPACT FAILURE ASSESSMENT
ON CRUSHER DISK BY RIGID
AND ELASTO-PLASTIC BODY
APPROXIMATIONS
Cagatay Bankaoglu
Department of Mechanical Engineering
Blekinge Institute of Technology
Karlskrona, Sweden
2014
Thesis submitted for completion of Master of Science in Mechanical
Engineering with emphasis on Structural Mechanics at the Department of
Mechanical Engineering, Blekinge Institute of Technology, Karlskrona,
Sweden.
Abstract:
Rigid and elasto-plastic body simulations and analytical methods were
carried out to identify and assess impact forces based on their contact
durations and force magnitudes. Based on the estimations, most severe cases
were simulated in ABAQUS to assess the possible damage on crusher disk
component of crusher machines, designed and manufactured by MRT System
Karlskrona. Further analyses were carried out to combine both impact force
estimations and damage assessment. It was concluded that studied case of
impact was not a likely scenario to cause the damage occurring under normal
operation conditions in the studied type of crusher machines with the material
properties considered in this work.
Keywords: Impact Force, Rigid Body Simulations, Elasto-Plastic Body
Simulations, Ductile Iron, Finite Element Method.

Acknowledgements
This thesis work is carried out at the Department of Mechanical Engineering
of Blekinge Institute of Technology, in Karlskrona Sweden, under
supervision of Dr. Ansel Berghuvud.
I would like to express my gratitude for Dr. Ansel Berghuvud and Dr. Johan
Wall for sharing their experience and offering guidance during this work.
Lastly I would like to thank Magnus Nilsson and MRT System International
for their availability and their willingness to share their knowledge with the
engineers of future.
Karlskrona, June 2014
Cagatay Bankaoglu

2

TABLE OF CONTENTS
1 Notation

4

2 Introduction
1.1Background
1.2Aim and Scope

5
6
7

3 Impact Force Determination
3.1Simplifications
3.2Rigid Simulations
3.2.1 Modelling in Inventor
3.2.2 Analytical Approaches
3.2.3 Hertz Contact Theorem
3.2.4 First Approach
3.2.5 Second Approach
3.3Non-Rigid Simulations
2.3.1 Elastic Approach
2.3.2 Plastic Approach
3.4Load Cases
3.5Conclusions

8
8
9
10
11
12
13
14
16
17
19
22
23

4 Effects of the Impact Forces
4.1Simulation Setup
4.2Simulation
4.3Conclusions

24
24
25
29

5 Rotational Impact Simulations
5.1Simulation Setup
5.2Simulation
5.3Conclusions

30
30
31
35

6 Conclusion and Discussion
6.1Reflection on the Results
6.2Reflection on the Material Models
6.3Future Work

35
36
38
39

7 References

40

3

Notation
Kh

Hertz contact element damping coefficient

į (t)

Relative displacement

ȡ

Density

E

Young’s modulus

Ȗ

Poisson’s ratio

Ri

Effective radius

Abbreviations
Ms

Milliseconds

Rpm

Radians per second

SDOF

Single Degree of Freedom
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2 Introduction
With the growing human population, we are consuming a large amount of
the natural resources of our planet. Since earth is virtually a closed system
with respect to matter, resources such as heavy metals are limited,
furthermore; most of these elements are usually found deep within earth’s
crust and rarely seep into the biosphere. Elements such as mercury are also
highly poisonous to the organisms as they accumulate in their systems and
interfere with their metabolic functions. Animals higher up in the food chain
are more susceptible to mercury poisoning which includes humans. A good
way of dealing with this problem is properly separating mercury from bio
degradable waste and either reuse or dispose of it properly. Recovering
mercury in reusable form should be a preferable option as it would reduce
our dependency on unused mercury [1].
Sustainable product development and develop towards sustainability is one
of the core disciplines of engineering, especially mechanical engineering.
Apart from applying scientific progress into practical applications, us the
engineers also deal with optimisation problems throughout our work. We
reduce our dependency on non-renewable materials by focusing on “less is
more” approaches and design components which fulfil the same purpose
using less material. We work with ease of manufacturing in our scope thus
reduce the amount of work and need for extra equipment put in the
manufacturing process, freeing up time to work on other projects. We seek
cheaper alternatives by actively being involved in innovations in material
science to see in which areas they could be implemented. We also work on
improving the efficiency of machinery by cutting unnecessary losses of
energy, if possible increase the net output of the process by trying to push the
system to the hard limits, laws of thermodynamics, thus reducing our overall
need for energy or dependency on fossil fuels. Scarcity of the available
means drive us to seek alternatives such as wind and solar power resulting in
our endeavours to replace the existing systems with the new systems. MRT
System International is one of the many in these fields.
MRT System International is a company located in Karlskrona, Sweden
specializing in mercury removal systems and lamp recycling machinery. The
reason mercury is used in lamps is because of their low energy consumption
compared to their illumination rate. This is a necessary trade off and the
mercury contamination can be avoided by collecting the lamps, separating
5

the materials, and reusing them to produce more lamps, thus reducing our
need for fresh materials to be mined.
Mercury removal is done in several steps. In the first step, the used lamps are
broken into smaller pieces, resulting in mixture of plastic, glass and mercury.
Which are then separated in a closed system thus mercury does not
contaminate the air. The output of the machine is glass, plastic, metal and
mercury [2].

2.1 Background
This work is a failure identification and elimination process for a crusher disk
manufactured by MRT Systems International which is used in their machines
performing the separation process of the used products. Previous works have
been done on this topic, focusing on investigation of the reasons behind this
failure [2] and suggesting ways to avoid these problems [3].
Potential reasons which may break the disc were identified as
1-Geometry of the disc
2-Material selection for the disc
3-Improper assembly of the crusher mechanism
4-Possible flaws during casting of the disc
5-Vibration
6-Surface hardness of the disc
7-Temperature of the working area
8-Poor maintenance
9-Flaws introduced during machining the disc
10- Fluctuations in the electric voltage powering the motor
11- Wrong feeding material
12- Humidity of the working area
13- Flaws introduced during shipping [2]
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Modal analysis and a destructive test were carried out on the disk.
Experimental results were showing that the disks were not subject to casting
flaws. It was possible to create similar failure patterns with the destructive
test, therefore it was suggested that the reason behind the failure was likely
caused by a high force in a short time, rather than fatigue [2].
The following work, focused on the possible causes of this force. The scope
of the project was forces occurring during startup phase of the crusher
mechanism. The forces during startup were found to be insufficient to create
a brittle failure [3].

2.2 Aim and Scope
In this thesis a worst case scenario for an impact was investigated. The cause
of the impact is assumed to be a blockage in the system, causing it to come
to a sudden stop, thus resulting in a force great enough to break the disc in a
short amount of time.
Normal operating conditions of the crusher disk was assumed to be revolving
at 950 rpm and working with aluminum end caps, motor power being 4kW
[2]. Factory conditions were assumed to be within the average values when
working temperatures and humidity were concerned.
The following assumptions were made while modeling the worst case
scenario:
x
x
x

At the time of the impact, there are no gaps between crusher gears
and the disk
Both the blockage and the crusher gear act as a rigid body
Blockage does not move during the contact

In order to calculate the possible magnitude of the impact forces, dynamic
simulations were carried out. The first simulations were done on Inventor,
where the components were assumed to be rigid (allowing bodies to penetrate
each other) with the impact stiffness calculated by Hertz contact theorem.
Latter simulations were done on ABAQUS with elastic and elasto-plastic
material models on the component representing the disk.
Effects of the force were investigated in ABAQUS using the same material
model.
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3 Impact Force Determination
In this chapter, a possible “worst case scenario” is defined. This scenario
indicates that the forces acting on this disk will have the characteristics to
cause the most damage possible within normal operating conditions. Possible
impact forces with their contact time and magnitude were estimated, first
through analytical means, followed two separate approaches. In one
approach, the disk and the rotating components were assumed to be rigid to
calculate the case where forces have the highest magnitudes but lowest
contact durations. The last approach was modelling the system with
properties of the material of the disk, and carrying out the impact scenarios
with elastic and plastic models, elastic simulations behaving closer to rigid
scenarios where plastic models resulting in forces with lower magnitudes but
longer contact durations.

3.1 Simplifications
The mechanical system which crushes the waste material is an electric motor,
coupled with a rigid coupling with a shaft which transfers the rotational
movement to the disk. The disk has four gears held loosely and nonconcentrically, shown in Fig. 3.1, causing the gears to move towards the
centre of the disc and outwards from the centre of the disc, therefore creating
the crushing motion.
Due to the nature of this mechanism, the impact force is assumed to occur
tangentially with respect to this rotational movement. Since input and output
of the mechanism is chaotic and possibilities are endless, when the position
of the disc, position of the gears, location, density, type and size of the
crushable materials are concerned with respect to time the impact
determination was done for a “worst case scenario”. It is assumed that, the
gears, impact surface and the disk have no gap in between at the moment of
impact, the gears don’t show any elastic behaviour and the element causing
the impact is causing the system to come to a full stop.
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Fig 3.1. The single rotating disk and the crusher gears [2].

3.2 Rigid Simulations
In order to determine the impact force, a simple rigid body simulation was
carried out in Autodesk, inventor. It was assumed that the whole rotational
components were acting as one rigid entity to simplify calculations as well
as contribute to the worst case scenario. Otherwise we would be adding the
torsional deformation of the shaft, as well as minimal movements within the
system, which would have reduced the magnitude of the impact force thus
leading to a safer case of impact.
In a purely rigid impact case, contact is assumed to be instantaneous;
therefore impact force reaches infinity. Since this scenario is not plausible in
reality, contact time was assumed to be 0.13 ms in accordance to metal-metal
impacts calculated by experiments [4,5].
To simulate the impact, it’s assumed that rigid bodies can penetrate each
other without deformation for numerical purposes. Rigid body simulation
was carried out in INVENTOR.
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3.2.1

Modelling in Inventor

The pieces were modelled as close to real case scenario as possible to capture
physical values, such as moments of inertia and mass of the system. Materials
have been selected accordingly, engine as copper to represent the coils, shaft
was assumed to be steel and disk is modelled as ductile cast iron.
In these simulations, only relevant material property was density. Behaviour
of the system was dependant on the mass and geometry.

Fig 3.2: Assembly of the rotational components (Left to right : Internal part of electric motor, shaft,
crusher disc).

Mechanism assembly, shown in Fig. 3.2, was constrained as a welded group
to make it move as one rotating component. It was anchored from left side
with a rotational constraint. The blockage was assumed to be a rigid surface,
fixed in space to be in contact with one of the gear shafts of the disk, as shown
in Fig. 3.3. The contact at this case, and future cases were assumed to be a
plane versus cylinder contact, due to the geometry of the disk and the
assembly surrounding it. According to the previous assumptions, an impact
force would be spread across a line (or a plane depending on the elastic
deformation) as the disk shaft will be in full contact with the crusher gears.
This set up is consistent with the previous “worst case scenario”
approximation.
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Fig 3.3: Assembly of the disk and the blockage.

3.2.2

Analytical Approaches

To get a glimpse of the worst case scenario, an analytical approach was
carried out, based on Newton’s laws. In order to simplify the calculations,
the rotational energy of the disk was calculated, and then an impact, under
linear motion with the equivalent energy was calculated.
The rotational speed of the disk was assumed to be as 950 rpm [2] which is
ൎ 95.3 rad/s. Thus the equivalent impact velocity for a 23 kg mass, shown in
Fig. 3.4, becomes ൎ 3.26 m/s.

Fig 3.4: Mass and Inertias on principal axes.

If Newton’s second law of motion is applied to this situation, the impact force
varies depending on the deceleration rate of the mass. In this case, contact
time was assumed to be the average contact time of metal versus metal
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collision, 0.13 ms [5]. After the calculations, impact force for this case is
calculated as 576750 N in constant magnitude for the duration of the impact.
3.2.3

Hertz Contact Theorem

In order to model highly non-linear impact forces realistically, an application
based on Hertz impact model has been adopted for this case[6].
Hertz contact element can be expressed as the following Fig. 3.5:

Fig 3.5: Hertz contact element.

In this approach, the behaviour of the colliding bodies is assumed to be
similar to a SDOF system with a spring becoming effective for the duration
of the impact.
ܨ ൌ ൜

݇ ߜሺݐሻߜሺݐሻ  Ͳǡ
ൠ
Ͳߜሺݐሻ  ͲǤ

(3.1)

Where ߜሺݐሻ is the relative displacement and ݇ is the non-linear spring
constant.
Usually with this approach, bodies are assumed to be spherical. Based on the
body’s mass and density the effective radius can be calculated as:
ܴ ൌ ට

ଷ

i=1,2

ସగఘ

(3.2)

The spring stiffness is dependent on the radius of the colliding structures as
well as the material properties [6].
݄ ൌ

ଵିᖤ

i=1,2

గா

(3.3)

Thus the spring stiffness can be determined with the following formula:
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݇ ൌ

ସ
ଷగሺభ ାమሻ

ோభ ோమ

ටோ

భ ାோమ

(3.4)

From here, there will be several different approaches. If it’s assumed that,
the disk, is hitting an immovable surface of infinitely stiff elasticity. ܴଶ
approaches infinity and ݄ଶ approaches zero, this however will affect the next
step and will make the stiffness also limit at infinity. Assuming elasticity of
the ductile cast iron disc, which is involved in the impact, as 172 GPa and
density as 7200 kg/m3. Therefore h1 for ductile iron becomes § 5.305 10-12
and R1 is calculated as § 28 mm.
Thus kh becomes § 320008261 N/m for this approach. If the assumption was
that the Young’s modulus of the surface was same as the disk, the stiffness
becomes kh§ 6400165242 N/m.
3.2.4

First Approach

System was simulated as is, using 64.108 N/m as the stiffness and disk having
the velocity of 950 rpm in the z axis along with the attached components.
The force seems to be peaking rapidly in some areas and then reducing
drastically, not showing the expected curve. The cause of this is likely the
computational errors while the program attempts to carry out the impact
simulation work with movement in two directions, likely causing errors in
collision detection. Velocity of the disc also has sharp increases as can be
observed from the graph shown in Fig. 3.6. In order to use this data, impulse
approximation was done to normalize the force. In this approach, impact
force was estimated to be a 57.5 kN for the duration of 0.8 ms. Approximated
as a sin curve, the magnitude of the force at the peak becomes 90.32 kN.
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Fig 3.6: k=640.107 N/m, velocity versus time and force versus time.

3.2.5 Second Approach
Since rigid simulations in Inventor area carried out using parallel axis
theorem and the actual geometry of the components are only required to
solve the contacts, a new approach was carried out to reduce computational
errors.

Fig 3.7: Second rigid simulation setup.
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In this scenario, the moving components were represented by the cylinder
with a mass of 23.5 kg and an initial velocity of 3.5 m/s. These values ensure
that the cylinder has the equivalent kinetic energy of the rotating
components. The impact area was fixed in space. Cylinder has only one
degree of freedom which is transversal in Y axis, shown in Fig 3.7.
The same stiffness value of 6400165242 N/m was used in this approach.
Maximum value of the impact force was simulated as 100 kN, with the
duration of contact being 0.5 ms, shown in Fig. 3.8.

Fig 3.8: k=640.107 N/m, force versus time.

If the stiffness of the contact is manipulated to match the expected contact
time of 0.13 ms, the stiffness required is, 2.1011 N/m. The resulting force’s
highest value is 477 kN, shown in Fig. 3.9.
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Fig 3.9: k=2.1011 N/m force versus time for 0.13 ms contact duration.

3.3 Elasto-Plastic Simulations
Impact force estimation was carried out based on the equivalent kinetic
energy as the previous chapters. The simulations were carried out in
ABAQUS with the explicit module. Unlike Inventor, it’s not possible to input
the mass value manually; therefore, the required mass was implemented by
manipulating the density. The simulation was carried out without gravity and
the modal properties are not investigated in this scenario so the approach is
valid for the impact scenario.
The model was set up with an analytical rigid surface, with a reference point
coupling to read out the reaction force easily, the disc was modelled with the
impact area resembling the area on the disc where the impact was expected
with some more volume in the back.
It was modelled this way due to extreme local deformation on the model if
the density is defined extremely high.
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3.3.1 Elastic Approach
The elastic properties of Ductile Iron were given as with the previous
approaches. Young’s modulus was given as 172 GPa and Poisson’s ratio was
given as 0.275 [7].
The rigid surface was fixed in space in the coupling reference point and the
movement of the component representing the disk was restricted to
translational movement in Y axis, shown in Fig. 3.10. Meshing was done
with linear hex elements in a structured manner, as shown in Fig 3.11. Initial
velocity of the moving part was given as 3.5 m/s.
Contact properties were assumed to be frictionless and the interaction was
given as “Hard contact”, with this approach, contact force does not become
effective until contact and maximum possible contact pressure is infinity [8].

Fig 3.10: Impact simulation assembly.
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Fig 3.11: Meshing of the representation of the disk.

The history output for reaction force in reference point in the analytical rigid
surface is shown below in Fig. 3.12.

Fig 3.12: Elastic case, Impact force versus time.

18

According to the output from the reference point on the rigid surface,
maximum value of the impact force was found to be ൎ 450 kN with the
contact time being ൎ 0.5 ms. The stress distribution is shown in Fig 3.13.

Fig 3.13: Elastic case, close up on the contact area.

3.3.2

Elasto-Plastic Approach

The simulation was carried out in the same manner of the previous Elastic
approach with values of plasticity introduced to material model.
The yield strength versus strain data [9] is shown on the next page in Fig.
3.14.
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Fig 3.14: Plasticity values.
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Fig 3.15: Plastic case, impact vs time.

Maximum value of the of the force, shown in Fig. 3.15, is around 81kN with
the contact time spanning over 1.3 ms. The instability at the beginning of the
force versus time graph is caused by elements rapidly yielding due to the
shape of the impacting surface of the component representing the disk. The
stress distribution is shown in Fig. 3.16.

Fig 3.16: Plastic case, impact area close up.
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3.4 Load Cases
Possible load cases have been identified for this scenario. The case, force
duration and magnitude were listed in tables 3.1 and 3.2 below.
RIGIDSIMULATIONS
LoadCase/Method

Magnitude

Duration

Notes

Kineticenergy
conversionand
Newton’ssecond
law

577kN

0.13ms

Constantforthe
durationofthe
force

HertzContact
ElementSimulated
asͲisonInventor

90kN

0.8ms

Normalizedtobea
sincurve

HertzContact
ElementSimulated
asarepresentation
tosimplifythe
geometry

100kN

0.5ms



Stiffnessadjustedto
matchthecontact
timeof0.13ms

477kN

0.13ms



Table 3.1: Rigid Cases.

ELASTOͲPLASTICSIMULATIONS
LoadCase/Method

Magnitude

Duration

Notes

PurelyElasticCase

450kN

0.5ms

Constantforthe
durationofthe
force

Plasticcase

81kN

1.25ms



Table 3.2: Elasto-Plastic Case.
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3.5 Conclusions
Impact forces calculated through rigid and non-rigid simulations are in the
similar order of magnitude from an impulse perspective. In general rigid
simulations are more prone to produce higher magnitudes of forces and nonrigid simulations are more likely to result in longer impact durations. The
most conservative estimation of the impact seems to be the purely elastic
scenario for non-rigid simulations and Newton’s second law results in the
most conservative estimation for the rigid force estimations.
The forces acquired here seem to be reasonable, considering the magnitude
of forces expected in impact situations [5]. Plastic material scenario yields a
different extreme on the impact forces with the highest contact duration with
a lower maximum magnitude of force. This behaviour is explainable with the
work-energy relationships.
Calculated forces will be used in later chapters to verify the effects of the
force on the disk as well as confirming the measured forces in future crash
simulations.
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4 Effects of the Impact Forces
Selected impact scenarios were applied as forces on the disk to observe the
possibility of potential damage, as well as the pattern of deformation on the
disk. The simulations were carried out in ABAQUS explicit. 3D computer
model of the disk was done in Inventor with the geometry data provided by
MRT for the previous work done in this topic. The 3D model was then
exported to ABAQUS.

4.1 Simulation Setup
The disk was modelled without any modifications in the part geometry.
Meshing was done in a densely manner in the area near the impact. Disk was
fixed from the centre and the forces were applied as pressures according to
the force assuming the crusher gears will distribute the force evenly across
the surface. The contact area is calculated as § 140 mm2. Material properties
were given in accordance to ductile iron as in the previous sections [7].
The force profiles simulated were the force calculated from Newton’s second
law and the purely elastic case as they were the forces with the highest
magnitudes and contact durations.
Material model was defined in accordance to ductile iron according to tensile
tests. Model includes elastic and plastic behaviour and the values are in
accordance to the previous values used in chapter 3.3.
Meshing, boundary conditions and the applied force is shown in Fig. 4.1 and
4.2.
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Fig 4.1: Meshing of the disk for force simulations.

Fig 4.2: Boundary conditions and force application.

4.2 Simulation
Force was given as pressure over the surface as a tabular amplitude with the
build-up duration of the amplitude was given as 1% of the total simulation
time matching the expected contact duration of 0.13 ms. The maximum value
of the input force as pressure in this simulation is 4180 MPa. The simulation
was given an additional 2 ms time to observe permanent deformation.
Deriving, confirming and validating a progressive damage model, apart from
existing plastic models, was not done, due to the heavy variations of
25

mechanical properties of ductile iron with their contents and unavailability
of samples from MRT.
The maximum stress occurred in the expected area which is the base of the
impact zone although the force was not high enough to cause any permanent
deformation. The maximum stress in the model, shown in Fig 4.3 and 4.4,
was calculated as § 210 MPa which is roughly 2/3rd of the initial yield stress
of ductile iron.

Fig 4.3: S. Mises Stress distribution.
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Fig 4.4: S. Mises Stress distribution.

If the input force is increased to ten times higher than the calculated value,
with the same duration of force, we begin to observe permanent plastic
deformation, shown in Fig. 4.5. This behaviour becomes more apparent with
longer contact durations.

Fig 4.5: S. Mises Stress distribution plastic case, 420 MPa is the upper yield limit.
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For better visualisation and identifying purposes, progressive damage and
failure model for aluminium was implemented into the simulation due to the
similar ductile damage properties of ductile iron and aluminium in the plastic
zone. Results are shown in Fig. 4.6 and 4.7.

Fig 4.6: Resulting damage.

Fig 4.7: Resulting damage close view.
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4.3 Conclusions
After simulating the impact case with the highest calculated impact force
magnitude and duration, the force was applied as a pressure. It is found out
that the either force is not high enough, or contact duration is not long enough
to cause any permanent damage, if the highest possible impact force is as it
was calculated in the previous chapters.
By increasing the force and contact duration, while adapting a damage
progression and evolution model, it’s possible to see permanent damage on
the disk, however, the way deformation occurs is not consistent with the
failure observed in the samples received from MRT, shown in Fig. 6.1 and
6.2. This is addressed further in chapter 6.
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5 Rotational Impact Simulations
This chapter mainly focuses on attempting to combine the models from
previous chapters. Disk has the mass of the whole rotational components and
the kinetic energy of the disk matches the kinetic energy of the whole rotating
components as well. Simulations were carried in ABAQUS Explicit.

5.1 Simulation Setup
The disk was modelled with slight adjustments on the geometry to reduce the
number elements on areas which are not contributing to calculations. First
reference point was created in the centre of the disk, which is then coupled
to the rest of the disk. The only active degree of freedom of the disk is
rotation around Z axis. The gear shaft’s motion was limited from the top
surface, unable to move in the Z axis. The disk was given an initial velocity
of 95 rad/s.
Impact surface, as a rigid surface was fixed in space in the coupling reference
point. Contact properties were assumed to be frictionless and the interaction
was given as “Hard contact” and separation after contact was allowed.
Due to the analytical rigid surface approach, the sum of all forces acting on
the surface can be read as an output from the reference point on the
analytically rigid surface. Partition and meshing of the disc is shown in Fig.
5.1.

Fig 5.1: Partition and Meshing.
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5.2 Simulation
The first material model used was the same as the plastic model used in the
previous simulations. This was done to keep the consistency of the different
simulations and iterations. Impact response is shown in Fig. 5.2 and 5.3.

Fig 5.2: Plastic model response to impact.

Fig 5.3: Plastic model response to impact, close up.

In this simulation deformation has been observed consistent with the
simulations earlier. Additionally it is possible to observe a large local
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deformation which didn’t show due to the way force was applied. In the
previous simulations, force was acting uniformly over the surface, whereas
on this simulation force application area progressively increases causing
large local deformations during the initial contact.

Fig 5.3: Plastic model response to impact, close up.

Observing the force response of the reference point on the analytically rigid
surface, shown in Fig. 5.3, we see that the contact time is around 1.55 ms
which is ten times higher than the assumed contact force duration. However
magnitude and the contact time of the simulation is consistent with the plastic
approach in the force estimates.
To avoid large local deformations, a cast iron plasticity model was
implemented in ABAQUS, to increase the compressive yield threshold,
shown in Fig. 5.4. This approach is assumed to fit well with the disk in
question due to asymmetric compressive versus tensile properties of ductile
iron [7].

Fig 5.4: Compressive properties of ductile iron.
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Plastic poisson’s ratio was assumed to be 0.5, with the assumption that
material is incompressible. Johnson cook damage model for ductile iron was
implemented as shown in Fig. 5.5 to observe progressive damage [9]. The
temperature changes in the system was neglected thus transition
temperatures were set to high values thus being ignored in the simulation.

Fig 5.5: Johnson-Cook Damage parameters.

Fig 5.6: Damage with Johnson Cook Model.
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Fig 5.7: Close up.

The results shown in Fig. 5.6 and 5.7 are consistent with the purely plastic
case with regards to local deformations and other deformations. Local
deformations are less compared to the previous scenario, due to the increased
compressive yield strength of the material. Reaction forces on the reference
point, shown in Fig 5.8, have a higher magnitude but less contact time as
expected.

Fig 5.8: Reaction force with Johnson – Cook damage model.
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5.3 Conclusions
The results are consistent with the previous findings. The reaction forces
from the simulation are within the magnitudes of the forces simulated in rigid
and elastic-plastic simulations. Due to local deformations and the material
yielding, impact forces do not reach as high magnitudes as the rigid
scenarios, although the contact times are much higher compared to elastic
and rigid simulations. The results are consistent with previous plastic impact
simulation in chapter 3.3.
Local deformations may be removed from the simulations altogether by
increasing the yield value in compression, assuming the surface has been
hardened during casting and heat treatment. However, the gap between
compressive and tensile yielding properties needs to be within certain limits.
With the tensile yielding strength described in the previous works [2,3],
compressive yielding strength has been pushed as high as possible while
staying still within reasonable limits [7].
Apart from local deformations, deformations around the gear shaft have been
observed as well. However, the shape of the deformation does not match the
failure observed in the samples received from MRT [2].
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6 Conclusion and Discussion
In this work, possible range of impact forces that may occur in a “worst case
scenario” were identified through rigid and elastic simulations. Potential
impact forces and scenarios were listed and differences between the
estimations between analytical, rigid and elastic impact models were
investigated.
Further investigations were done on dynamic-elastic simulations to
investigate both damage and the impact forces. The magnitude and duration
of impact forces were compared with previous chapters and they were found
to be in similar ranges.
Different loading cases were constructed and applied to the disc directly to
check the possibility of damage or the characteristics of damage.
Analytical calculation of the impact force based on the deceleration of the
disk during a common contact time results in the highest magnitudes. Using
hertz impact model to simplify contact mechanism between the rigid block
and the disk in rigid simulations, result in a case similar to the models where
deformation is included. When the hertzian contact element stiffness is
increased to match the contact duration of a common impact, the results give
closer values to analytical approaches. Non-rigid simulations where material
is assumed to be purely elastic results in a middle way between rigid and
plastic simulations, where the magnitude of the force matches the rigid
simulations and the contact duration is high as the plastic simulations. Plastic
simulations were observed to give similar results to hertzian contact element
with respect to the maximum magnitude of the forces and contact durations.
Impact forces and contact durations estimated in chapter 4.2 matched the
impact forces and contact durations in chapter 2.3.

6.1 Reflection on the Results
Upon investigating the force and impact simulations on the disk, where only
plasticity data and plasticity with progressive damage models were used, it
can be concluded that although it is possible to cause a breakage on the disk
with an impact, the damage pattern is not consistent with the samples
received from MRT, shown in Fig. 6.1 and 6.2.
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The impact in the direction of the rotation of the disk, acts on the gear shaft
of the disk and forces the gear shaft to shear off from the disk. This result is
dependent on the boundary conditions where it’s assumed that gear shaft is
unable to move in Z direction; therefore the gear shaft does not fully bend to
cause damage on the other parts of the disk. The effects of this boundary
condition can be observed in chapter 4.2, where the shaft has some local
deformation near this boundary condition.
It must be noted that, the chance this “worst case scenario “ may occur is
quite low. Furthermore, the crusher gears will also add another elastic
material in the interaction, causing the maximum value of the impact force
to drop. Lastly due to the design of the crusher disk, it’s unlikely that a steel
piece rigid and large enough to withstand this impact force will be able to fit
through the gaps in the system, let alone act as a rigid block.

Fig 6.1: Example of failure.
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Fig 6.2: Example of failure.

6.2 Reflection on the Material Models
Due to the lack of relevant material models, the results may not be exact; also
assumptions regarding contact times may be underestimated for elastic cases
and overestimated regarding plastic cases. Ductile iron, even ASTM A536
defines a wide range of materials with yield strength ranging from 275 MPa
to 621 MPa with elongation percentage being between 18% to 2%. The disk
is manufactured by sand mould casting and the surface is not machined;
therefore the surface of the disk may be significantly more brittle than the
rest of the disk.
Simulations were done on impact cases where strain rates are much greater
compared to quasi-static strain tests. Ductile iron exhibits higher yielding
strength with higher strain rates, therefore for this application, simulations
were done with lower strain rate values to create a “worst case scenario”.
Anisotropic properties introduced by surface hardening was not taken into
account as with the methods employed in the previous sections would have
created more local deformations, rather than deformations we were interested
in.
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6.3 Future Work
During this work, a possible cause of failure has been eliminated. However,
the cause of the failure hasn’t been identified and proven. Further work needs
to be done to prove or disprove other possible causes of failure.
Physical impact tests may be carried out to determine the contact times
between the disk and supposed impacting objects to confirm or eliminate the
contact times assumed within the scope of this work.
This simulation may be repeated with different material models where
surface hardening is incorporated. This can be achieved by either assigning
different material properties for a small depth from the surface or by using
material subroutines.
Samples from manufacturer may be subjected to tensile tests on different
strain rates to examine elastic and plastic behaviour under different
conditions. Custom fracture, damage initiation and damage progression
models may be mapped out for this ductile iron as well. This would lead to
easier simulations and ultimately remove the need for physical testing.
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