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[bookmark: _Toc58005084]Abstract
Elastic failure is a failure that occurs in every component. Predicting when this failure will occur is something that can be achieved through various theories, such as Rankin, Tresca and Von Mises. Ranking is a theory used for brittle materials. Where as Tresca and Von Mises are used for Ductile materials. Although Von mises and Tresca are different theories, they give fairly similar results. The theories rely massively on the correct data being used or they will not produce the correct results. FEA analysis helps hugely with testing of components to allow development at the fraction of the cost, as it reduces costs in production and testing. It was found that Von Mises is regularly used in FEA for ductile materials and gives accurate results. 
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The following report will discuss 3 different theories of elastic failure. It will touch upon the reasons they have been developed and the steps taken to do so. A material will be selected, followed by a discussion of theory that should be used during development of the component. Finally, a research paper from Science Direct, that evaluates a theory of elastic failure shall be scrutinized and summarized. This analysis will relate to the discussion of the selected material.


[bookmark: _Toc58005091]Theories of Elastic Failure
Characteristics and physical properties of materials can be found by carrying out various tests to identify limits of the material (IDC-Online, 2020). A tensile test is commonly used for calculating the stress yield. This can determine how ductile or brittle the material is (Director of Industry Research and Technology, 2020). When trying to extract the same information from a more complex machined part, there are various types of stresses that are presented. Numerous theories have been developed from tensile tests to determine when elastic failure could occur, (IDC-Online, 2020). Three theories of elastic failure will be discussed within this report:
· Maximum Principle Stress Theory (Rankine)
· Maximum Shear Stress Theory (Tresca)
· Shear Strain Energy Theory (Von-Mises)

[bookmark: _Toc58005092]Maximum Principal Stress Theory (Rankine)
Maximum Principle Stress theory is better suited to brittle materials. Simply put, failure of the material will occur when the maximum principle stress mirrors the yield stress, (Auburn.edu, 2020). The theory can be  considered on a two-dimensional plane so σ3 = 0. Figure 1 corresponds to a complex 2D stress system. If the value of point (σ1, σ2). Exceeds the value beyond the outer square. This would identify a failure within the material, (Hearn, 1997).  It can be expressed as:
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[bookmark: _Ref57315001]Figure 1
According to (Maximum Principal Stress Theory, 2020), the theory assumes ultimate strength is equal within compression and tension, but has been proven with experiments to be a good verification method. This only applies to brittle materials, cast iron being one of them. The method appears to only be beneficial with materials that have consistent material properties throughout.

[bookmark: _Toc58005093]Maximum Shear Stress Theory (Tresca)
Maximum Shear Stress theory is a theory used for more ductile materials, unlike the Rankine theory. According to (University, 2017), Tresca assumes that when the maximum shear stress in the complex system, matches that of the materials shear strength limit, which can be found using a tensile strength test, yielding will occur. Using Mohr’s Circle, as seen in Figure 3, both the shear stress and principle stress of each triaxial stress can be calculated. When calculating principle stress using mohr’s circle, σ1 and σ2 both = 0. Whereas σ1 is equal to the yield strength of the material or the radius of Mohr’s circle. When analysing Mohr’s circle for shear stress, the radius would be given by σ1 – σ3 (max – min), (Engineer, 2020).Which would give the following for maximum shear stress:
(σ1 – σ3) = τ Yield
Or 
(σ1 – σ3) = σ Yield
In a brittle material such as glass, (Kelly, 2020) states that yielding occurs when the maximum shear stress reaches half of the elastic limit found in the tensile test of that material. The equation given can be seen in Figure 2. 
[image: ]
[bookmark: _Ref57983143]Figure 2
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Tresca’s theory is commonly used for ductile materials and relates more to the critical value of maximum shear stress in an isotopic material, as explained by (Christensen, 2019). 


[bookmark: _Toc58005094]Shear Strain Energy Theory (Von Mises)
Shear Strain Energy theory is similarly matched with the Tresa theory. Von mises is also used with materials with a higher ductility characteristic. (SimScale, 2020) stated that the Von Mises theory came about when it was found that certain materials, mainly ductile, behaved unlike other material when under non-simple stress/tension was applied to it. It was noted that the resistant values were larger than those found in a simple tensile strength experiment. Von mises and Tresca have a difference between them of approximately 15.5%, with Von mises having the larger yield. According to, (Engineer, 2020) Von mises theory states that, “Yielding occurs when the maximum distortion energy is equal to the distortion energy at yielding in a uniaxial tensile test”. Like Tresca, Von mises is independent of the hydrostatic stresses. (Edge, 2020) states that Von mises can be given as:
[image: ]
K is a constant found through experiments. Von mises, as well as Trescal both run parallel with the hydrostatic axis as seen in Figure 4. This is perpendicular to the Deviatoric Plane. Where the addition of all principle stresses = 0.
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[bookmark: _Ref57384376]Figure 4
It can be seen in Figure 4 the von mises curve is slightly larger than the Tresca plot. Von mises represents an ellipse and tresca with a hexagonal shape, sits inside the limits of Von mises. Tresca is considered more conservative. (E funda, 2020).


[bookmark: _Toc58005095]Analysis of a Wishbone
The following part of the report will discuss the theory of elastic failure that could be used with a wishbone from a motor vehicle. This analysis will look at steel as a material. 
[bookmark: _Toc58005096]What is a wishbone?
To understand how to analysis the stresses that a wishbone is presented with, it is important to know what a wishbone is and does. A wishbone Is a suspension component, most commonly of a motor vehicle. It is an independent part therefore it creates a separation between each wheel, so the terrain will only affect with wheel it encounters, (Moog, 2020). A wishbone is designed to give a vehicle better stability and keep wheel alignment consistent. The benefit of all this is a comfortable ride as well as better handling and precision, (Stevens, 2020). 
[bookmark: _Toc58005097]Forces That Act on a Wishbone/Suspension
To understand what method to use for elastic failure oof a wishbone, we must first understand the forces which act on it. According to (Haroo, 2019) there are various forces that a wishbone will be exposed to. Gravitational load, Centripetal Force, Normal Force and two components of frictional force. All of these forces exhibit stress/strain onto the wishbone and their positions can be seen in a free body diagram in Figure 5.
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(Haroo, 2019)
[bookmark: _Toc58005098]CHoice of MAterial
There are various materials used to currently produce a double wishbone. Steel and aluminium appear to be choice for mass production whereas composites are use or being developed for motorsports such as Formula 1 (Formula-1 Dictionary, 2020). According to (Adamczyk, 2014). Weight saving is the key to improved fuel consumption and for reducing un-sprung mass. Due to this, Aluminium will be analysed and discusses due to its smaller density between itself and steel.
[bookmark: _Toc58005099]Manufacturing process
According to a study carried out by (Birol, 2014) appears to show forging to be a common manufacturing method for Aluminium wishbones. The benefits of forging is that it improves strength and ductility of the material. The benefits of using aluminium is that it reduces corrosion which improves longevity. 
[bookmark: _Toc58005100]Elastic failure theory
Aluminium is classed as a ductile material as confirmed by (AZO Materials, 2002). It can also be seen to form very well which will match its geometry close to that of its design. This will give a more accurate results during the Finite Element Analysis (FEA). Due to the ductility of Aluminium, either Tresca Theory or Von Mises theory would be suitable. According to (Kelly, 2020) Von Mises tends to be the more accurate of the two, specifically for ductile materials. This gives good reasoning to use Von Mises as an elastic theory failure for an aluminium wishbone. Using Von Mises in a simulation will allow for weak spots or the areas that will deform first/the most depending on what loads have been input. Due to Von mises being a prediction, it cannot be relied on as it is simply a theory. Although, it does appear to give a very good indication of yielding within ductile materials. An example of a wishbone FEA can be seen in Figure 6 - (Haroo, 2019)(Haroo, 2019).
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[bookmark: _Ref57986674]Figure  SEQ Figure \* ARABIC 6 -  CITATION Sas19 \l 2057 (Haroo, 2019)
A coloured system is used to distinguish the areas with the highest deformation as well as the least deformation, with red being the maximum and blue being the minimum. This is a good visual indication of areas that may need attention when designing a product. 
[bookmark: _Toc58005101]Science Direct Study
The following section will discuss a research paper named ‘Mechanical behaviour of 3D printed vs thermoformed clear dental aligner materials under non-linear compressive loading using FEM’. The aim of this study is to identify advancements in technologies and how they are helping the dental industry, such as 3D printing and FEA  CITATION Pra20 \l 2057 (Jindal, 2020). According to the study it was found that errors would occur when trying to process the simulation mesh phase. The author felt that this could be down to the complex geometry of the part due to it being a scanned component. Such errors included having holes in the surface of the model. This would become an issue during FEA and could throw up incorrect results. This issue was overcome by using a conversion software. It appears that 3D scanning can cause errors for FEA. This could be down to the size of the file it outputs  CITATION GoM20 \l 2057 (Go Measure 3D, 2020), this could make it difficult for the PC carrying out the analysis. The author comments on the importance of the obtaining the material parameters and ensuring they are correct. This is understandable due to the misleading results it can give if incorrect. The analysis involved performing a bite force equivalent which would resemble a compressive force. The benefit of being able to carry out this analysis is that it allowed the author to compare current and future materials without incurring massive costs with prototyping. It led to the research having a positive outcome due to the investigated material being suffice with regards to the von mises analysis.
[bookmark: _Toc58005102]Conclusion
FEA appears to be a very useful process when designing a product. Although there currently isn’t on specific theory to use, it seems that there are theories that will cover almost every basis with great accuracy. For complex ductile components it was found that Von Mises is the most favourable choice when carrying out FEA for ductile materials. This may be due to the smoother results given compared to the tresca theory. But, if a more conservative result is needed, there is no reason why the Tresca theory could be used. As stated for both the dental retainer research and FEA of a wishbone, the analysis relies hugely on the information input into it. With incorrect data the results can mislead the engineer and could cause dangerous predictions and vice versa. Due to there being different theories for both brittle and ductile materials, it is important to select the correct theory to use depending on the chosen material. Rankine theory would not have worked for the two components assessed in the report due to them being ductile, incorrect results would have been achieved. Overall, these theories are beneficial if used correctly. The development of them has helped with designing and testing products whilst reducing costs, with very little sacrifice with accuracy of results. 
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The maximum principal stress theory then states that failure will occur when o7 or
0, =0y, or Oy . Assuming Oy, =0y, = 0y, these conditions are represented 1
graphically on 03, 0, coordinates as shown in Fig. 15.5. If the point with -
coordinates (07, 0,) representing any complex two-dimensional stress system falls 3
outside the square, then failure will occur according to the theory. 3 6. Maximum Principal Stress Theory (Rankine)

Maximum Principle Stress theory is better suited to brittle materials. Simply put, failure of the
LA material will occur when the maximum principle stress mirrors the yield stress, (Auburn.edu,
2020). The theory is considered on a two dimensional plane due to 63 =0.
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Fig. 15.5. Maximum principal stress failure envelope (locus).

(b) Maximum shear stress theory

For like stresses, i.e. 01 and G, both tensile or both compressive (first and third

quadrants), the maximum shear stress criterion is
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45 degrees to the direction of loading. Liiders bands in a steel and shear bands in an
amorphous Zirconium alloy” after tensile testing are shown in Fig. 9.1.2.

This evidence points to a shearing-type failure, with the metal sheared along these
bands/planes to failure. The hypothesis here, then, is that the material fails when the
shear stress acting on these planes is large enough to shear the material along these
planes. In the tension test, let the applied tension be Y at the point when the elastic limit
(or the yield stress) is reached, Fig. 9.1.3a. The shear stress in the specimen is given by
Eqn. 3.3.1 and the maximum shear stress 7, =Y /2 occurs at 45 degrees to the direction

of loading.

Using this argument for a complex three-dimensional component, Fig. 9.1.3b, one can
hypothesise that the material will fail at any location where the maximum shear stress
reaches one half the tensile yield stress Y of the material (see Eqns. 3.5.9. et seq.):

max (|0, - 0|0, — 3.0 — o) = ¥ 9.1.2)

* these metals have a non-crystalline disordered molecular structure, like a glass, and behave in a more
brittle fashion than the standard crystalline metals
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Mohr's diagram is a useful graphical representation of the stress state at a point. In this graphical ‘throughout.

representation the state of stress at a point is represented by the Mohr circle diagram, in which
the abscissa o and T give the normal and shear stress acting on a particular cut plane with a
fixed normal direction. In the general 3 dimensional case, for a given state of stress at a point, the
Mohr circle diagram has three circles as shown in Fig. 1. Mohr's circle diagram is used frequently
conjunction with failure criteria like the Mohr-Coulomb failure criterion. B
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3 7. Maximum Shear Stress Theory (Tresca.

Maximum Shear Stress theory is a theory used for more ductile materials, unlike the Rankine
theory. According to (University, 2017), Tgssa assumes that when the maximum shear stress in
the complex system, matches that of the materials shear strength limit which can be found
using a tensile strength test. Using Mohr’s Circle, as seen in
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Figure 1: In the three dimensional case there are three Mohr's circles. The diameters and the centers of the E
circles are calculated from the three principal stresses. The point representing the normal and shear stress 4
on a plane does not necessarily lie on the perimeter of a circle. - —
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Substituting J, in terms of the principal stresses into the von Mises criterion equation we have
2 2 2 2 2
(01— 02)" + (02 = 03)" + (01 — 03)" = 6k° = 20,
or
(af + a% + Ui) — 0105 — 0303 — 0103 = 3k* = 175
or as a function of the stress tensor components
2 2 2 2 2 2 2 _ o !
(011 — 022) + (092 — 023) + (011 — 033)> + 6(053 + 03, + 03,) = 6k* = 2
This equation defines the yield surface as a circular cylinder (See Figure) whose yield curve, or
2
. . . - . . . . ﬂk 30y . N
intersection with the deviatoric plane, is a circle with radius L or . This implies that the yielc
condition is independent of hydrostatic stresses.
a1
o /;{nylirnsuut
Yell Suface
a3
phre
(Deviatric Plare )
PR ——
« »

File  Home Insert Draw Design Layout References Mailings Review View Help 18
a- y Search Manage Sources E
Ll |2 D T D B
| ah v Researcher Style: APA v —

Table of o Insert > D insert 7 Insert B} index Table of
Contents Footnote [] Citation v [0} Bibliography ~ | caption [[] | ¥ | Authorities v

Table of Contents Footnotes Iy Research Citations & Bibliography Captions
N TR R T R RO R TR AR R R R TR TR YRR ECAE e
3 8. Shear Strain Energy Theory (Von Mises)
B ‘Shear Strain Energy theory is similarly matched with the Jresa theory with a difference between
P them of approximately 15.5%. with Von mises having the larger yield. According to, (Engineer,
3 2020) Von mises theory states that, “Yielding occurs when the maximum distortion energy is
E equal to the distortion energy at yielding in a uniaxial tensile test”. Like Jrgssa, Von mises is
y independent of the hydrostatic stresses. Von mises can be given as:
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Analysis of a Wishbone

The following part of the report will discuss the theory of elastic failure that could be used with
a wishbone from a motor vehicle. This analysis will look at steel as a material.

WHAT IS A WISHBONE?

To understand how to analysis the stresses that a wishbone is presented with, it is important to
know what a wishbone is and does. A wishbone Is a suspension component, most commonly of
amotor vehicle. It is an independent part therefore it creates a separation between each wheel,
5o the terrain will only affect with wheel it encounters, (Moog, 2020). A wishbone is designed to
give a vehicle better stability and keep wheel alignment consistent. The benefit of all this is a
comfortable ride as well as better handling and precision, (Stevens, 2020).

WHAT FORCES ACT ON A WISHBONE?

meCEing =(05)2 (12869)4.blmls?)
FNo= 324, 49N
F§ = PN = (@) (3214,49N) = 257L.92N
fw = zfN = (03)(3 204,49N) = 2250, 14N frictional force. All of these forces exhibit stress/strain onto the wishbone and their positions
Fz =5 (mv?) = itum (1286K9)(30,96 mis)* | can be seen in a free body diagram in
Fz = 1695, 23N

To understand what method to use for elastic failure oof a wishbone, we must first understand
the forces which act on it. According to (Haroo, 2019) there are various forces that a wishbone
will be exposed to. Gravitational load, Centripetal Force, Normal Force and two components of

CHOICE OF MATERIAL

Figure 8: Free Body Diagram - Vehic There are various materials used to currently produce a double wishbone. Steel and aluminum

Sl Veele and S — appear to be choice for mass production whereas composites are use or being developed for

motorsports such as Formula 1 (Formula-1 Dictionary, 2020). According to (Adamczyk, 2014)

CORNERING CONDITIONS Weight saving i the key to improved fuel consumption and for reducing un-sprung mass. Due to
Vehicle Velocity 110 km/h = 3055m/s " .
e e this, Aluminum will be analyzed and discusses due to its smaller density between itself and steel.
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Figure 24: Normal Stress Distribution in the = Direction on

The total deformation of the wishbones shown in Figure 25 was used to assess the acceptability of the
camber induced by the comering conditions. The maximum deformation induced was 0.61566 which
was considered in terms of its z — y coordinates to determine the angle of displacement of 4.8 ° which
is slightly out of the expected camber range of —4° < & < 3 (Section 1.1.3). This would require a
more detailed analysis to determine the acceptable margin of error of the analysis. Furthermore, all
other stresses determined in the FEA were lower than the yield strength of the material, therefore the

result may be considered acceptable.
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Figure 25: Total Deformation of the Wishbones

7.2. Evaluation and Discussion of the Hub/Tie-Rod Results
Following from the analytical calculations, the normal stress component in the z direction (Figure 26)
was considered to be of critical importance. The components carried the centrifugal force in the z

direction due to the tuming motion. The expected normal stress at the hub centre was (6,)
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This theory assume that when the maximum principal stress in a complex stress system reaches the elastic limit J. Open in Acrobat
stress in a simple tension, failure will occur.

Therefore the criterion for failure would be
1= 0y

For a two dimensional complex stress system o is expressed as

Where o, o, and 1 are the stresses in the any given complex stress system

(b) Maximum shear stress theory:

This theory states that teh failure can be assumed to occur when the maximum shear stress in the complex stress
system is equal to the value of maximum shear stress in simple tension.

The criterion for the failure may be established as given below :
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