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YUK ETKIiSi ALTINDA STABILiZATOR CUBUGUN YAPISAL ANALIZI

OZET

Stabilizator cubuklar siispansiyon sistemlerinin emniyet segmentlerinden olup,
periyodik ve biiyiik statik yiiklere maruz kalan bilesenlerdir. Hafif konstuksiyonlarin
gereksinimlerini karsilamak durumundadirlar. Bu ancak iyi tasarlanmig ¢ubuklarin
yiiksek dayanimli ve 6zel malzemeler kullanilarak dikkatli bir sekilde imal edilmesi
ile miimkiin olabilir. imal siireclerinde bagvurulacak bazi ek o6zel yontemler,
yiizeydeki gerilimin azaltilmasi konusunda avantaj saglayabilir. Yiik altindaki
cubuklarin imalinde saglanacak her tiirlii iyilestirme, s6zkonusu ylizey gerilimini

asgari diizeye indirgemeyi hedeflemektedir.

Tez baslangicinda yeralan ve yorulma konusu ile iliskili teorik aciklamalar iceren
boliimlerden sonra stabilizator parca kisaca tamitilmaktadir, sonrasinda ise farkli
malzemeler kullanilarak imal edilen ve yiizey sertlestirme teknigiyle
mukavemetlendirilen numune pargalar karsilastirilmali olarak degerlendirimektedir.
Bu numunelerin yiik altindaki davranisi deney ortaminda defalarca test edilerek
raporlanmistir. Degisik tedarik¢ilerden temin edilen numuneler ayr1 ayn teste tabii

tutulmus ve toplanan veriler numune bazinda kaydedilmistir.

Deney sonuglar1 yine ayrn ayr tablolara islenmis ve bu matematiksel verilerin
grafiksel olarak ifade edilmesine calisilmigtir. S-N Egrileri (literatiirde Wohler
Egrileri olarakta bilinmektedir) hangi numunenin daha mukavim oldugunu agik¢a
gostermektedir. Egrilerin altinda kalan alan biiyiidilkce numunenin yiik altinda daha
basarili bir performans gosterdigi ve dolayisiyla hangi tedarikcinin imal

yontemlerinin daha etkin oldugu anlasilir.

Mekanik ozelliklerinin yanisira hammaddeleri de iyilestirilen numune parcalar
hakkindaki tiim deneysel sonuglar ve kimyasal bilgiler A ve B eklerinde ayrintili

olarak yer almaktadir.
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Deneysel sonuglarla yetinilmemis ve ANSYS adi verilen analiz programi yardim ile
(FEM - Sonlu Elemanlar Yontemi kullanilarak analiz yapan 6zel bir yazilimdir)
matematiksel bir yaklasimda da bulunulmustur. ANSYS yazilimi ile stabilizator
cubugunun biikiim noktalarinda ve diger bazi kritik bolgelerinde yiik altinda tecriibe
edilecek esdeger gerilim/gerinim hesaplar hassas bir sekilde gergeklestirilmektedir.
Hesaplanan degerler kati model iizerinde farkli renkler ile ifade edilir. Deforme
olmayan alanlar mavi renkle isaretlenirken, hasarlanmasi olas1 bolgeler tasidigi riske

oranla kirmiz1 renge dogru donecektir.

ANSYS analizleri tamamlandiginda edinilen sonuglar tezin son kisminda deneysel
veriler ile de karsilastirilmis ve yaklasimin gercegi yansittigi kanitlanmistir. Metinde

yer almayan bazi ayrintili grafikler ve matematiksel veriler C ekindedir.

Teorik Yontemler kisminda gegen teknik aciklamalar tez ile ilgili asagidaki anahtar

kelimeleri icermekte bazi temel konulara 1s1k tutmaktadir:

,,Yorulma, Gerilme, Poisson Orani, Kayma gerilmesi, Gerinme, Plastik deformasyon,
Siineklik, Gerilim-Gerinim Egrileri, Yiizey Sertlestirme, Sonlu Elemanlar Yo6ntemi,

ANSYS, Siispansiyon sistemi, Sasi®.
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STRUCTURAL ANALYSIS OF STABILIZER BAR UNDER TORSION

SUMMARY

Stabilizer bars belong to the components with the highest cyclic and superposed
static load and are the security segments of the suspension system. They have to
fulfill the requirements of lightweight constructions. This is only possible, if high
strength materials with special properties are carefully manufactured to well
designed roads and special additional treatments are carried out, which impose a
advantageous residual stress profile in the surface layers of the roads.

After a short theoretical view on the technical terms related to the fatigue topic, some
aspects of the fatigue behavior of the stabilizer bars are presented. Then the fatigue
properties of shot peened specimens made of different materials are discussed.
Finally some results on the fatigue behavior of different kind of specimens at a very
high number of load cycles are reported.

During the experiments taken values are listed at some tables and after their
evaluation the results are depicted on the graphs. S-N Curves ( also known as Wohler
Curves) and shows the durability of different specimens and give the clue which
company has succeeded producing the most lasting bar.

Comparison tables of overall measurements and chemical properties of raw materials

are added to the Appendix sections A and B.

Experiment results are also supported with ANSYS — FEA calculations, which are

representing a different aspect. This mathematical approximation is made through
those measurements in order to calculate the maximum equivalent stress values on
the bends and possible fracture points on these meshed surfaces are indicated where

the blue color turns into red.



After analyzing with ANSYS software experiment results have been also verified
with the computer calculated ones and an appendix section is made (App.C) to

show the fatigue behavior of metal in graphs.

All technical terms used in this work are collected and explained under header
“Theoretical Methods” at Section 3. Following terms will help to understand the
topic better:

Fatigue, Tensile stress, Poisson’s ratio, Shear stress, Tensile strength, Yield strength,
Plastic deformation, Ductility, Ductile material, Stress-Strain Curve, Strain
hardening, Residual stresses, Peening, Shot peening, Stiffness, the S-N Curve, FEA (

Finite Element Analysis, ANSYS, Car suspensions, Chassis.

X1



1 INTRODUCTION

Stabilizer bars belong to the components with the highest cyclic and superposed
static load and are the security segments of the suspension system. They have to
fulfill the requirements of lightweight constructions. This is only possible, if high
strength materials with special properties are carefully manufactured to well
designed roads and special additional treatments are carried out, which impose a

advantageous residual stress profile in the surface layers of the roads.

After a short theoretical view on the technical terms related to the fatigue topic, some
aspects of the fatigue behavior of the stabilizer bars are presented. Then the fatigue
properties of shot peened specimens made of different materials are discussed.
Finally some results on the fatigue behavior of different kind of specimens at a very

high number of load cycles are reported.

During the experiments taken values are listed at some tables and after their
evaluation the results are depicted on the graphs. S-N Curves ( also known as Wohler
Curves) and shows the durability of different specimens and give the clue which
company has succeeded producing the most lasting bar. Comparison tables of overall
measurements and chemical properties of raw materials are added to the Appendix

sections A and B.

Experiment results are also supported with ANSYS — FEA calculations, which are
representing a different aspect. This mathematical approximation is made through
those measurements in order to calculate the maximum equivalent stress values on
the bendings and possible fracture points on these meshed surfaces are indicated

where the blue color turns into red.



1.1  KEYWORDS

All technical terms used in this work are collected and explained under header
“Theoretical Methods™ at Section 3. Following terms will help to understand the

topic better:

Fatigue, Tensile stress, Poisson’s ratio, Shear stress, Tensile strength, Yield strength,
Plastic deformation, Ductility, Ductile material, Stress-Strain Curve, Strain
hardening, Residual stresses, Peening, Shot peening, Stiffness, the S-N Curve, FEA
(Finite Element Analysis, ANSYS, Car suspensions, Chassis.

Front Wheel Drive (Typical)

Qutar Tie

Figure 1.1: Drawing of the front suspension system. Stabilizer bar also called as the
Sway Bar or Anti-Roll Bar. On this sample, parts of the car suspension and sway bar
itself are clearly seen (Thumbnail is taken from the web site: www.turbosquid.com).

1.2  STABILIZER BAR

The expression ‘“Stabilizer Bar” represents an important component of the
suspension system in an arc shape and having a duty of security function, which
mostly is required to have some main properties in common: great range of elastic
loading, high strength and satisfactory ductility, high resistance against fatigue

failure as well as against setting.



The front wheel support arms are connected by a stabilizer bar, as are the rear wheels
(See Fig.1.1). Following any changes in load this bar reestablishes the balance of the
suspension, by being twisted. In other words, if four people get into the car, the
weight increase makes the stabilizer bar rotate to make the car hold onto its normal

position.

Rear Wheel Drive (Typical)
Upper Control Control
Arm Bushings  Arm Shoft  Spindle/Steering
| Knuckle

- Sway Bar Link Kit
Lower Ball Joint

Lower Control Arm

Figure 1.2: Drawing of the rear suspension system. This Sway Bar (Stabilizer Bar) is
much longer than the one at the front (Thumbnail is taken from the web site:
www.turbosquid.com).

1.3 HOW DO STABILIZERS WORK ?

Stabilizer bars are part of a car's suspension system and are located both on the front
and back sides of the car (See Fig.1.1 and 1.2). They are sometimes also called anti-
sway bars or anti-roll bars. Their purpose in life is to try to keep the car's body from

"rolling" in a sharp turn.

Inside the car having a sharp turn, passenger bodies get pulled toward the outside of
the turn. The same thing is happening to all the parts of the car. So the part of the car
on the outside of the turn gets pushed down toward the road and the part of the car on

the inside of the turn rises up.



In other words, the body of the car "rolls" toward the outside of the turn. If the speed
is fast enough, the tires on the inside of the turn actually rise off the road and the car

flips over.

Rolling tends to put more weight on the outside tires and less weight on the inside
tires, while reducing traction and steering also. The body of the car shall remain flat

through a turn so that the weight stays distributed evenly on all four tires.

A “Stabilizer bar” tries to keep the car's body flat by moving force from one side of
the body to another. A stabilizer bar is like a metal rod that is having about 2 to 5 cm
in diameter, which is attached to the frame of the car in front of the front tires with
bushings, in case that it rotates on its own. However their arms are attached to the

front suspension member on both sides (See Fig.1.3).

While going into a turn now, the front suspension member of the outside of the turn
gets pushed upward. The arm of the stabilizer bar gets pushed upward, and this

applies torsion to the rod.



Closer view of the
wheel connection

Suspension view
from beneath the car

Bushings

Figure 1.3: Suspension system mounted on chassis (personal car). Attached on both
of the axis ends and also fixed with bushings.

The torsion them moves the arm at the other end of the rod, and this causes the

suspension on the other side of the car to compress as well. The car's body tends to

stay flat in the turn.

Without having a stabilizer bar, it is likely possible experiencing a body roll in a
turn. By the way, having the stabilizer bar more than needed causes losing
independence between the suspension members on both sides of the car. When one
wheel hits a bump, the stabilizer bar transmits the bump to the other side of the car as
well, which is not acceptable. The ideal is to find a setting that reduces body roll but

does not hurt the independence of the tires.

Stabilizer bars are usually estimated as simple components. But recent requirements
for a great number of stabilizer bars, applied in constructions for cars or buses, can
only be met if high strength materials with special properties are carefully
manufactured to well designed rods and furthermore additional treatments are carried

out.



Especially shot peening method is very important and efficient treatment to improve
the fatigue properties of stabilizers to the necessary level. The pic a shot peening

process is showed below at the Figure 1.4.

Figure 1.4: Shot peening process and spherical conditioned cut wire. See Theoretical
Methods for more details.

In this paper the importance of stabilizer bars is stated for the suspension system.
Problems of stabilizer bars likely appear as fatigue failures or as plastic deformations
(setting). Fatigue fractures during vehicle operation initiate at points, where local
stresses exceed the fatigue strength. Those dangerous locations are determined by the
shape of the bar. Stabilizers compensate especially high stresses at the bendings and

at the interior zone of the surfaces.

Numerous fatigue tests on different torsional specimens are performed for this thesis

and all these specimen are tested with the help of Hydropuls testing machine @9,



1.4 The PURPOSE of TEST

The test yields characteristics, from which the mechanical behaviour of materials or
structural elements under constant or repeated pulsating or alternating loading can be
derived. It is termed a continuous vibration test ( short: fatigue test ), because the

loading at the specimen is applied in form of vibration [12].

a. See: Part 4 : Experimental Methods, Hydropuls Testing Machine
[12]: DIN 50100, Continuous Vibration Test Standart



2 PQF REPORTS

Figure 2.1: 3D Drawings for City Bus ( 3D models are downloaded from the web
site : www.turbosquid.com ).

After Sales Services regularly make statistics about the failure frequency of spare
parts while obtaining the data from the authorized technical services worldwide. In
the range of “Quality Assurance” issues PQF Reports are used to evaluate the
suitable data. PQF stands for “Portable Questionnaire Format” which is a type of an
electronic form and auto collation software to manage data acquisition and results

collation from the source.

Stabilizer bars, as the main topic of this work, have been reported by technical

employees as followed.

PQF Reports below have been prepared for a city bus model (See Fig.2.1) used at a

municipal bus line in South America.
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Figure 2.2: Costs in € per Month and Year of Production

At Figure 2.2, costs of the repairments are depicted related to the prices of the Table
2.1. They are also shown distributed over five production years in order to follow the

failures precisely which are occurring in a certain time period.

Table 2.1: Values distributed over the years related Fig.2.2

2001 2002 2003 2004
Repair in 2001 173 0 0 0
Repair in 2002 0 307 0 0
Repair in 2003 0 254 508 0
Repair in 2004 0 0 237 10
Repair in 2005 0 0 0 300

The number of part failures remarkably increasing by vehicles produced in the year
2002 and 2003 where the costs rising high. Especially some columns as seen on the
graph (See Fig.2.2) are reaching the level of 250 T € and 300 T € level at some

months of past three years.

As a consequence of these part failures, insurance payments and workshop costs are

rising higher and the producers profits are put under threat.
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Figure 2.3: Cost in € / produced vehicle at the same year

Repair costs from an another point of view (distributed over months) have been
shown on the Figure 2.3 above. In the first quarter of the year 2002 costs are clearly

increasing again.

PQF Reports help doing strategically planning by recording scientific and other
research data like customer feedbacks depicted at the graphics in order to assure
customer satisfaction. These audits and reviews are also financially defending

pI'OdLIC ers outcome.
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Figure 2.4: Failure distribution through destination

Columns at Figure 2.4 above in dark red color represent Relative Frequency of

Failure and blue dots donate Cumulative values.
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Figure 2.5: Interurban Bus - 3D Drawing ( 3D models are downloaded from the web
site : www.turbosquid.com ).

As a second review, graphs below ( See Fig.2.6, 2.7 and 2.8 ) are mentioning about

the part failures and repair costs of interurban bus models (See Fig.2.5).
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Figure 2.6: Costs in € per Month and Year of Production

Green columns in the Figure 2.6 are depicting that the parts mostly produced in the
year 2003 have contributed highly costs in the past three years. The failures have
frequently occurred in the second and third quarters of the year 2004. Cumulative
costs over past four years can be followed at the Table 2.2, which is representing the

source data of the Figure 2.6.
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Table 2.2: Values distributed in years related Fig.2.2

2001 2002 2003 2004
Repair in 2001 0 0 0 0
Repair in 2002 0 247 0 0
Repair in 2003 0 1994 5566 0
Repair in 2004 680 4842 23929 6761
Repair in 2005 0 0 3419 2878

According the same logic of the former graphs, costs per time data of interurban
buses are presented as followed. Results are apparently alike, because the
concentration of the colored boxes point out that the failure costs at the year 2003 are

the highest comparing the data by other time periods (See Fig.2.7).
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Figure 2.7: Costs in € per Month and Year of Production
%
100 *
a0 !

S0 /

n-1nn PO4-300 anA-A00 A7 ant-ann ANN4-14nn 12041300 A1401-150nN ARN-170n A204-1ann =P0Nnn

Figure 2.8: Failure distribution through destination
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Columns at Figure 2.8 in dark red color represent Relative Frequency of Failure and
blue dots donate Cumulative values. Here is also seen that the destination is another

important parameter which can not be neglected doing cost reviews.

The recorded data at the former example (See.Fig.2.4) was also showing that the
failure rate is increasing by destinations over 2.000.000 km and more, which could
be easily achieved through routine cycles of buses. However it is also remarkable
that the failure rate makes a peak nearly 1.000.000 km. According these scattered
values that the curve contains at Figure 2.4, it could be argued about milestones at

each million (as km), where the failure ratings are increasing.

PQF Reports are delivering results ready for analysis. After Sales Services indicated
that Stabilizer bars must be optimized in order to decrease the costs of insurance
payments and other. Because that these parts are manufactured by different suppliers,
this problem is passed on the Development department as a technical issue passed,
where the engineers must contact the suppliers in order to solve the difficulties
experienced by that parts. Related suppliers mentioned at this thesis are presented
with nick names like Co. A, B and C in order to keep their works confidential in the

matter of Corporate Identity.
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3

THEORETICAL METHODS

This part includes specific terms related to the fatigue behaviour, which were

frequently used during the thesis. In order to explain technical facts, the following

(bold written headers) will come in very useful.

3.1

CHARACTERISTICS of FATIGUE FAILURES

The following characteristics are common to fatigue in all materials:

1.

The process starts with a microscopic crack, called the initiation site, which
then widens with each subsequent movement, a phenomenon analysed in the
topic of fracture mechanics.

Failure is essentially probabilistic. The number of cycles required for failure
varies between homogeneous material samples. Analysis demands the
techniques of survival analysis.

The greater the applied stress, the shorter the life.

Damage is cumulative. Materials do not recover when rested.

Fatigue life is influenced by a variety of factors, such as temperature and
surface finish, in complicated ways.

Some materials (e.g., some steel and titanium alloys) exhibit an endurance
limit or fatigue limit, a limit below which repeated stress does not induce
failure, theoretically, for an infinite number of cycles of load. Most other non-
ferrous metals (e.g., aluminium and copper alloys) exhibit no such limit and

even small stresses will eventually cause failure.
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7. As a means to gauge fatigue characteristics of non-ferrous and other alloys
that do not exhibit an endurance limit, a fatigue strength is frequently
determined, and this is typically the stress level at which a component will

survive 10’ loading cycles.

Shortly in other words:

3.2 FATIGUE

In materials science, fatigue is the progressive, localized, and permanent structural
damage that occurs when a material is subjected to cyclic or fluctuating strains at
nominal stresses that have maximum values less than (often much less than) the
static yield strength of the material. The resulting stress may be below the ultimate
tensile stress, or even the yield stress of the material, yet still cause catastrophic

failure [2]: Russell A. Chernenkoff, John J. Bonnen, 1997.

3.3 TENSILE STRESS

Tensile stress (or tension) is the stress state leading to expansion; that is, the length
of a material tends to increase in the tensile direction. The volume of the material
stays constant. Therefore in a uniaxial material the length increases in the tensile
stress direction and the other two directions will decrease in size (Poisson's ratio). In
the uniaxial manner of tension, tensile stress is induced by pulling forces across a

bar, specimen, etc. Tensile stress is the opposite of compressive stress.

Structural members in direct tension are ropes, soil anchors and nails, bolts, etc.
Beams subjected to bending moments may include tensile stress as well as

compressive stress and/or shear stress.

Tensile stress may be increased until the reach of tensile strength, namely the limit

state of stress.The formula for computing the tensile stress in a rod is:

c=P/A (3.1
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where o is the tensile stress, P is the tensile force over the rod and A is the cross-
sectional area of the rod. Units for tensile stress are newtons per square meter (N/m?,

also called pascals, Pa)

3.4 POISSON’S RATIO

When a sample of material is stretched in one direction, it tends to get thinner in the
other two directions. Poisson's ratio (v, p), named after Simeon Poisson, is a
measure of this tendency. Poisson's ratio is the ratio of the relative contraction strain,
or transverse strain (normal to the applied load), divided by the relative extension
strain (in the direction of the applied load). For a perfectly incompressible material,

the Poisson's ratio would be exactly 0.5.

3.5 SHEAR STRESS

In physics, shear stress is a stress state in which the shape of a material tends to
change (usually by "sliding" forces) without particular volume change. The shape
change is evaluated by measuring the relative change in the angle between initially
perpendicular sides of a differential element of material (shear strain). A simple
definition of shear stress is the components of stress at a point that act parallel to the

plane in which they lie.

3.6 TENSILE STRENGTH

Tensile strength measures the force required to pull something such as rope, wire, or

a structural beam to the point where it breaks.

Specifically, the tensile strength of a material is the maximum amount of tensile
stress that it can be subjected to before failure. The definition of failure can vary
according to material type and design methodology.

This is an important concept in engineering, especially in the fields of material
science, mechanical engineering and structural engineering [3]: Case, John, Lord

Chilver, Carl T.F. Ross, 1993.
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There are three typical definitions of tensile strength:

1. Yield strength - The stress a material can withstand without permanent
deformation.

2. Ultimate strength - The maximum stress a material can withstand.

3. Breaking strength - The stress coordinate on the stress-strain curve at the

point of rupture.

3.7 YIELD STRENGTH

Yield strength or the yield point, is defined in engineering and materials science as
the stress at which a material begins to plastically deform. Prior to the yield point the
material will deform elastically and will return to its original shape when the applied
stress is removed. Once the yield point is passed some fraction of the deformation
will be permanent and non-reversible. Knowledge of the yield point is vital when
designing a component since it generally represents an upper limit to the load that
can be applied. It is also important for the control of many materials production
techniques such as forging, rolling, or pressing.

In structural engineering, yield is the permanent plastic deformation of a structural
member under stress. This is a soft failure mode which does not normally cause

catastrophic failure unless it accelerates buckling.

3.8 PLASTIC DEFORMATION

In engineering mechanics, deformation is a change in shape due to an applied force.
This can be a result of tensile (pulling) forces, compressive (pushing) forces, shear,
bending or torsion (twisting) [4]: Bijen, Jan, 2003.

As seen at the Figure 3.1 next page, after reaching the plastic region, there is no
turning back, where the deformation on the material is permanent and the standing

force is also leading to a fracture.
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.
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Figure 3.1: Diagram of a Stress-strain curve, showing the relationship between stress
(force applied) and strain (deformation) of a ductile metal.

3.9 DUCTILITY

Ductility is the physical property of being capable of sustaining large plastic
deformations without fracture (in metals, such as being drawn into a wire). It is

characterized by the material flowing under shear stress.

3.10 DUCTILE MATERIAL

A ductile material is any material that yields under shear stress (as opposed to brittle
fracture, which yields under normal stress). Gold, copper, and aluminium are highly

ductile metals.

3.11 STRESS - STRAIN CURVE

A stress-strain curve is a graph derived from measuring load (stress - o) versus
extension (strain - €) for a sample of a material (See Fig.3.2 and 3.3). The nature of
the curve varies from material to material. The following diagrams illustrate the
stress-strain behaviour of typical materials in terms of the engineering stress and

engineering strain where the stress and strain are calculated based on the original
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dimensions of the sample and not the instantaneous values. In each case the samples
are loaded in tension although in many cases similar behaviour is observed in

compression [5]: Budynas, Richard G. (Richard Gordon), 1999.

Stress
1

Strain

Figure 3.2: A stress-strain curve typical of structural steel
1. Ultimate Strength 2. Yield Strength 3. Rupture 4. Strain hardening region
5. Necking region.

L (T —

Figure 3.3: A stress-strain curve typical of aluminum
1. Ultimate Strength 2. Yield Strength 3. Proportional Limit Stress 4. Rupture
5. Offset Strain (typically 0.2%).
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3.12 STRAIN HARDENING

Work hardening, or strain hardening, is an increase in mechanical strength due to
plastic deformation. In metallic solids, permanent change of shape is usually carried
out on a microscopic scale by defects called dislocations which are created by stress

and rearrange the material by moving through it.

Plastic deformation induces a residual compressive stress in a peened surface, along

with tensile stress in the interior.

3.13 RESIDUAL STRESS

Residual stresses are stresses that remain after the original cause of the stresses
(external forces, heat gradient) has been removed. Residual stresses occur for a
variety of reasons, including inelastic deformations and heat treatment. Heat from
welding may cause localized expansion, which is taken up during welding by either
the molten metal or the placement of parts being welded. When the finished
weldment cools, some areas cool and contract more than others, leaving residual

stresses. Castings may also have large residual stresses due to uneven cooling.

3.14 PRODUCTION METHODS for HARDENING

3.14.1 PEENING

Peening is the mechanical working of metals by means of hammer blows or by
blasting with shot (shot peening). Peening is a cold work process. It tends to expand
the surface of the cold metal, thereby relieving tensile stresses and/or inducing

compressive stresses. Peening also encourages strain hardening of the surface metal.

3.14.2 SHOT PEENING

Shot peening is a process used to produce a decorative finish and to modify
mechanical properties of metals. It entails impacting a surface with shot (round

metallic particles) with force sufficient to create dimples and with enough shot that
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those dimples overlap. It is similar to sandblasting, except that it operates by the
mechanism of plasticity (physics) rather than abrasion: each particle functions as a
ball-peen hammer. In practice, this means that less material is removed by the

process, and less dust created.

3.15 STIFFNESS

Stiffness is the resistance of an elastic body to deflection by an applied force. It is an

intensive material property.

The stiffness k of a body that deflects a distance J under an applied force P is:

k=P/6 (3.2)

Stiffness and is typically measured in newtons per metre.

As both the applied force and deflection are vectors (respectively P and J ), in

general their relationship is characterised by a stiffness matrix, k where:

P=ko (3.3)

The deflection can, in general, refer to a point distinct from that where the force is
applied and a complicated structure will not deflect purely in the same direction as an
applied force. The stiffness matrix enables such systems to be characterised in

straightforward terms.

3.16 The S-N CURVE

In high-cycle fatigue situations, materials performance is commonly characterised by
an S-N curve, also known as a Wohler curve. This is a graph of the magnitude of a

cyclical stress (S) against the cycles to failure (N).

S-N curves are derived from tests on samples of the material to be characterised
(often called coupons) where a regular sinusoidal stress is applied by a testing
machine which also counts the number of cycles to failure. This process is

sometimes known as coupon testing. As an example, S-N Curve of
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BrittleAluminium320 has been showed at the next page. (See Fig.3.4) There are also
different kind of curves used by evaluation of the fatigue experiment results, which

refer to the other approximation methods.

3.17 FINITE ELEMENT ANALYSIS

Visualization of how a car deforms in an asymmetrical crash using finite element
analysis. Finite Element Analysis (FEA) is a computer simulation technique used in
engineering analysis. It uses a numerical technique called the finite element method

(FEM).

S CURVE FOR BRITTLE ALUMDIUD $ITH A UTS OF 320 MFA
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Figure 3.4: S-N Curve of Brittle Aluminium of 320 MPA

Development of the finite element method in structural mechanics is usually based
on an energy principle such as the virtual work principle or the minimum total
potential energy principle. While being an approximate method, the accuracy of the
FEA method can be improved by refining the mesh in the model using more

elements and nodes.

A common use of FEA is for the determination of stresses and displacements in

mechanical objects and systems.
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3.18 ANSYS SOFTWARE

ANSYS is the original general-purpose finite element analysis software and is a
general purpose finite element modeling package for numerically solving a wide

variety of mechanical problems.

ANSYS software is also used to analyze different kind of problems in the area of

Civil Engineering, Electrical Engineering, Physics and Chemistry.

3.19 CAR SUSPENSIONS

All of the power generated by a piston engine is useless if the driver can't control the
car. That's why the suspension system is very important for the engineers by the

design of an automobile as much as the four-stroke internal combustion engine.

Figure 3.5: Car Suspension drawings from different views ( 3D models are
downloaded from the web site : www.turbosquid.com ).
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The job of a car suspension (See Fig.3.5) is to maximize the friction between the tires
and the road surface, to provide steering stability with good handling and to ensure

the comfort of the passengers.

If a road were perfectly flat, with no irregularities, suspensions wouldn't be
necessary. But even freshly paved highways have imperfections that can interact
with the wheels of a car. It's these imperfections that apply forces to the wheels.
According to Newton's laws of motion, all forces have both magnitude and direction.
A bump in the road causes the wheel to move up and down perpendicular to the road
surface. The magnitude, of course, depends on whether the wheel is striking a giant
bump or a tiny speck. Either way, the car wheel experiences a vertical acceleration as

it passes over an imperfection (See Fig.3.6).

VERTICAL 8 ACCELERATION

Mormal Wheel Haipht

HORIZONTAL
ACCELERATION

Road Surface

Figure 3.6: Vertical/Horizontal Acceleration

Without a structure between, all of wheel's vertical energy is transferred to the frame,
which moves in the same direction. In such a situation, the wheels can lose contact
with the road completely. Then, under the downward force of gravity, the wheels can
slam back into the road surface. Under these circumstances is a system needed that
will absorb the energy of the vertically accelerated wheel, allowing the frame and

body to ride undisturbed while the wheels follow bumps in the road.
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3.20 The Chassis

The suspension of a car is actually part of the chassis, which comprises all of the

important systems located beneath the car's body (See Fig.3.7).

ﬁﬁgg

Figure 3.7: Chassis Drawings ( 3D models are downloaded from the web site :
www.turbosquid.com ).

These systems include:

. The frame - structural, load-carrying component that supports the car's engine
and body, which are in turn supported by the suspension

. The suspension system - setup that supports weight, absorbs and dampens
shock and helps maintain tire contact

. The steering system - mechanism that enables the driver to guide and direct
the vehicle

. The tires and wheels - components that make vehicle motion possible by way

of grip and/or friction with the road

So the suspension is just one of the major systems in any vehicle [1]: Hurd, N.J.,

1996.
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4 EXPERIMENTAL METHODS

Figure 4.1: Stabilizer bar supported at one end and forced at the other one.

4.1 HYDROPULS TEST STAND and SERIES 244 ACTUATORS

Fatigue Tests are carried out through a specific mechanism called “Hydropuls Test
Stand” which has an independent ground of the workstation surface, so that it is
isolated from outer vibration sources. That unique table ensures a safe area to make
fatigue and strength researches by retaining the necessary equipment on itself ®.
There are hydraulic pumps and fittings needed in order to carry out high cycled
,%)

fatigue tests and this time Series 244 Hydraulic Actuators ® are used to provide an

integrated, high performance solution to dynamic force requirements [13]: mts.com.

a. See Figure 4.1 for test mechanism
b. See Figure 4.2 for the Series 244 Hydraulic Actuator
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Each of the actuator components and options helps simplify the process of designing
and building high performance testing systems. Actuators are used in demanding

vehicle dynamics, structural fatigue and component test applications.

Actuators are manufactured for years of reliable operation in servohydraulic test
systems. Series 244 Hydraulic Actuators are optimized to provide the components

and capabilities required by dynamic testing applications.

Figure 4.2: Series 244 Hydraulic Actuators
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4.2  FEATURES OF SERIES 244 ACTUATORS

These Actuators demonsrate superior reliability and versatility in force ratings from
15 to 1000 kN. The standard stroke lengths for the Series 244 Hydraulic Actuators
are 152.4 and 254.0 mm with approximately 25.4 mm of piston rod jumping from the
front end when fully retracted. These specifications can be altered to adapt the
actuator to a variety of testing requirements and configurations.

Standard Series 244 HydraulicActuators accept servovalves with flow ratings up to

340 L/min. Optional porting can be provided to increase the flow requirements.

4.2.1 SPECIFICATIONS

The specifications for the Series 244 Hydraulic Actuator models are shown on the

following table.

Table 4.1: Specifications for Basic Cylinder Size and Mounting

—related with Fig.4.3 -
Force Rod Diameter Piston Area Cushions
Model Rating [kN] [mm] [cm2] (A) [mm]
244.20 68 69,9 33,68 10,2
Bagic Cyliredar
Ay
Strfoke
H Thread ﬁ
J Depih At c
b

B +Stroke

Figure 4.3: Basic Cylinder
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Figure 4.4: Stabilizer is also fixed around the both bearings along its axis.

As on the Figure 4.4, it is clearly seen that the fixtures are demonstrating the bearings
where the rod is suited on the vehicles chassis. The Stabilizer Bar actually is
assembled on the both ends of the axle, because the rotating motion on itself must be

prevented through bearings in order to optimize its duty of mechanical absorption.

4.3 TEST METHODS

Correlating metals fatigue and fracture to materials properties requires extensive
analysis and testing. The control of fracture and fatigue has become a high priority of
designers and materials researchers [9]: Tada, Hiroshi, Hiroshi Tada, Paul C.

Paris, George R. Irwin, 2000.

Key factors in performing fatigue tests are:
1. Specimen alignment
2. Specimen surface condition

3. Precision in setting and maintaining cyclic loading parameters and test frequency

Such tests are useful in developing data from mechanical design, materials, process

and quality control, product performance and failure analysis.

29



Much valuable information can be obtained regarding the stability of materials under
cyclic loading or whether changes occur due to cyclic plastic straining and when

crack begin to from.

In other words, fatigue tests are made with the object of determining the relationship
between the stress range and the number of times it can be applied before causing
failure. Testing machines are used for applying cyclically varying stresses and cover

tension, compression, torsion and bending or a combination of theses stresses.

At this work Stabilizer bars are examined as specimen in order to determine a
substitute supplier and optimize the strength characteristic of the part. The Stress

Strain relation of different specimens are observed and measured.

Strain is defined as the amount of deformation per unit length of an object when a
load is applied (a,*). Strain may be compressive or tensile and is typically measured
by strain gages. Fundamentally, all strain gages are designed to convert mechanical
motion into an electronic signal. A change in capacitance, inductance, or resistance is

proportional to the strain experienced by the sensor called strain gage (See Fig.4.5).

Figure 4.5: The most universal measuring device for the electrical measurement of
mechanical quantities is the strain gage. Several types of strain gages depend on the
proportional variance of electrical resistance to strain.

a. See Part 3 : Theoretical Methods
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S TECHNICAL EXAMINATION - DIFFERENT SUPPLIERS SPECIMEN

5.1 GENERAL PROCEDURE

To increase the durability of the stabilizer, samples from three different suppliers @9
are tested with respect to Wohler ® criteria. Company A as the main supplier has
also applied shot peening @ process to the samples and has bought a new CNC tube
bending maschine in order to produce stabilizers of better quality by improving the

mechanical properities.

By the way the difference between the Company B samples is that the second type of
samples are produced with serial fixture and shot peening, because of the

unsuccessfully test results of the prototype.

Company C has offered a new design of stabilizer rod, which was not proper for the

vehicles suspension mechanism itself, but got remarkably good solutions at tests.

Obtained results are comparatively depicted on an S-N curve to determine the
durability. The chemical properties of materials were another criteria, however the
specimens produced with new materials and their additives picked up the level of

durability also higher.

a. Because of the “Corporate Identity” issues, the names of suppliers are mentioned as
Company A, Company B and Company C
. See: Theoretical Methods, Wohler Curves
c. See: Theoretical Methods, Shot-peening
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5.2 EXPERIMENT I - PROCEDURE

The tests aim to compare the fatigue life characteristics of the stabilizers of Co.A
with its substitutes of Co.B. The models are forced under the same testing conditions
and the resulting Wohler curves are constructed. As in the fatigue tests, the
comparison criteria is these Wohler curves. According to these characteristic curves,
the difference between the fatigue lives of the both types will be deduced [8]: Piper,
D. E, 1970.

The tests will be carried out for both front and rear axles and the considered

stabilizers are; front axle (see Fig.5.1) and rear axle (see Fig.5.2).

! -3]—::[“: :: ‘.

Figure 5.2: The rear axle stabilizer
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5.3  TEST RESULTS

The results of the comparatively conducted fatigue tests between Co.A and Co.B
stabilizers have showed that the fatigue life of the Co.B stabilizers is less than the
Co.A stabilizers. Namely, the fatigue life of the Co.B stabilizers is approximately 20-
22% lower than the serially used ones. Sharing this information with the supplier
revealed that the samples are just on prototyping stage and there would be
differences between the serially produced samples and the prototypes. The tests will

be continued with the samples produced by the serial fixture.

As a requirement of redesign, geometrical conformity of the samples to the technical
drawings must be ensured. After that, new samples manufactured using serial

production fixtures are required to continue the tests.

5.3.1 TEST PHASE

(@,%)

For conducting the tests of stabilizers, the setup >’ shown in Figure 5.3 is used.

Figure 5.3: Test setup

a. For detailed information about the so called “Hydropuls test stand”, See: Experimental methods
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Tests are performed one-dimensional and in each loading level more than one

specimen are tested for both Co.A and Co.B stabilizers. Before going into the tests,

FEM “" calculations have been performed with the same boundary conditions and

the critical areas are figured in Figure 5.4.

SEQU=482.195
SEQV=1482.195
SEQV=484.133
SEQV=1487.674

SEQU=487.151
SEQU=470.467

[—
L303E-13 108. 408 216.816 325.223 433.631
54.204 162.612 271.02 379.427 487.835

SEQU=487.835

SEQU=484.724

SEQU=472.093

%

¢

S
433.631

E—
216.816

108. 408 325.223

54.204 162. 612 271.02 379.427 487. 835

Figure 5.4: FEA results

The succeeded test results are listed in Table A.1 ®”. In this table the tests that are

finished up to now are listed.

a. FEM is a mathematical approximation method for durability analysis. For further tech.info.
about ANSYS software and FEM, see: Experimental methods - Part 4.

b. For Table A.1, see Appendix A
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The Figures 5.5 through 5.8 show both the fracture points of the samples and the
samples after the tests. As seen in the figures, there is a confirmation between the

results of the tests and FEA.

Meshed surfaces painted in different colors present critical parts of the beam with a
simple principle. The level of durability has been showed via a light spectrum, where
the colors of the parts under extremely high pressure differ in color. Locations
carrying much higher stress then the rest of the beam turn into red. While stress-

strain values are decreasing, the color tends to turn into the blue.

The fracture points of both Co.A and Co.B stabilizers show similarity, they are
broken from the most expected sections. To see whether the performance difference

still exists for the rear axle stabilizers, one sample from each type is tested.
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Figure 5.5: Fracture points for the serial stabilizers
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Figure 5.7: Fracture points for Co.B stabilizers.

36



Figure 5.8: Fractured Co.B stabilizers

After the obtained results, the Wohler curves, see Figure 5.9 and 5.10 are constructed
for both Co.A and Co.B stabilizers. These curves are drawn according to the points
of fracture. In Figure 5.9, the results of the tests are put together into a typical
Wohler curve. This figure shows the general characteristics of the material 50CrvV4
@9 From this figure, it is also clear that the stabilizers of the Co.B lie mostly in
lower scattering range and the Co.A stabilizers in the upper scattering range of the

Wahler curve.

Also the scatter on the fracture cycles with the same force values can be explained by
the difference on the stiffness ®” of the specimens [11]: A. Rinaldi, P. Peralta, D.
Krajcinovic, Y.-C. Lai, 2005. A separate view of the average value of the results on
Figure 5.10 clarifies the life span difference, showing that the fatigue lives of the
Co.B stabilizers is 20-22 % lower than that of Co.A Also tests of the rear axle
stabilizers showed that the durability performance of Co.B is still lower than that of
Co.A. But as declared before, the tests will be repeated with the samples produced by

the serial fixture.

a. See: Appendix B for the Section Chemical Properties of Materials
b. See: Theoretical Methods, Stiffness of Materials
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S-N Curve Interval for 50CrV4
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5.4 EXPERIMENT II - PROCEDURE

The tests aim to compare the fatigue life characteristics of the stabilizers of Co.A
with its substitutes of Co.B and Co.C. The differences of the tests from the former
test are that the samples of Co.A are shot-peened “” and Co.B samples are
manufactured with the serial fixture. The Co.C samples are adding a new approach
with its new form. The samples are forced under the same testing conditions and the
resulting Wohler curves are constructed. The comparison criterion is these Wohler
curves. Throughout the tests, as in the former one, fatigue testing standard of DIN

50100 is followed.

The tests will be carried out for only front axle’s stabilizers. The samples under
examination are front axle of Co.A (see Fig.5.11) and front axle of Co.C (see

Fig.5.12) as showed below.

Figure 5.11: The front axle stabilizer of Co.A

a. See: Theoretical Methods, Shot-peening
b. DIN 50100 (stands for Deutsche Industrie Norm) defines the fatigue testing method, also called as
“Continues Vibration Test”

39



o [ T3
3

5.4.1 TEST RESULT

Tests were conducted with the samples of Co.C, Co.A and Co.B. Table A.2 @
figures out the results of the tests and Figure 5.13 and 5.14 depict the results
comparatively. According to Figure 5.13 and 5.14 Co.C with its new form is the
most durable stabilizer. It is almost triple times more durable than Co.A and Co.B.
Co.A and Co.B have resulted on almost the same durability characteristics. Their
Wohler lines coincide with a difference of that below 10.33 kN Co.A is slightly more
durable, below 10.33 kN Co.B is slightly more durable stabilizer. These ratio is more
clearly seen on Figure 5.14, which is constructed to show the results of 10 and 11 kN

comparatively.

To conclude, with respect to the durability point of view Co.C and Co.B can be

considered as good substitutes for the serially used Co.A stabilizer.

As arequirement of redesign, applicability of the new geometrical form of Co.C and

must be ensured. Manufacturing processes of the Co.B stabilizers must be improved.

a. For Table A.2, see Appendix A
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The differences of the conducted tests from the former tests are only on the test
samples. The setup, testing method and the evaluation criterion are all kept same.
One of the samples, Co.A, has gone through the shot peening process, while Co.B
samples are produced by using a serial fixture with again shot-peening process. As a
third substitute, Co.C with its new form and new material is tested. Instead of

50CrV4, 61SiCr7 ® is used on Co.C samples.

The succeeded test results are listed in Table A.2 ®. After the obtained results, the
Wohler curves, see Figure 5.14, are constructed for all of the test samples. This
figure also shows the before and after values of Co.A and Co.B. According to these
values, the slope of the curves which is a description of material property has
drastically increased in the new samples, from 5.21 to 15.43 for Co.A and from 6.1
to 19.3 for Co.B.

When the three samples are compared, Co.C has the highest strength and Co.A and
Co.B samples come second with almost equal durability characteristics. Wohler
curves of these two samples coincide at 10.33 kN and above this value Co.A, below

this value Co.B is slightly more durable.

Figure 5.13 is constructed for the purpose of comparison on kN-basis. This figure
clearly shows that the applied processes increased the fatigue life of the samples
drastically. Application of shot peening has increased the life of Co.A with a ratio of
1:2.6, while manufacturing by serial fixture instead of prototype fixture increased the
life of Co.B by 1:3.4. It also shows that Co.C samples are almost triple times more
durable

than the other samples. As another result, at 10 kN, Co.B-reinforced samples is
slightly more durable, while at 11 kN Co.A samples are approximately 20 % more
durable.

a. See: Appendix B for the Section “Chemical Properties of Materials”
b. For Table A.2, see Appendix A
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Figure 5.15: Several fractured samples

Throughout the tests, the objective was to apply the fatigue standards clearly. This
effect, fatigue lines, can be clearly seen on the fractured surface of the samples, see

Figure 5.15.

To summarize, Co.C with its new form and new material brings a high level standard
with respect to the durability point of view. At the same time, it has been proved that
new Co.B samples are a good substitute for the serially used Co.A samples. Also, the

further developments will base on the material and the manufacturing processes.

5.5 EXPERIMENT III - PROCEDURE

The differences of the Co.B and Co.A samples from the former ones are that Co.B
had proposed a new material, 51CrMoV4 ®”, and Co.A had proposed both a new
material and a new production process. The tests have been conducted according to

the fatigue testing standard of DIN 50100.
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Throughout the tests durability characteristics, scatter and the stiffness values of the
samples are taken into account. The results of the tests are presented in comparative

Wohler curves together with the results of the former tests.

5.6 RESULT

As a continuation report, this study examines the fatigue life characteristics of Co.A
and Co.B samples after several changes both in material and the production process
and make comparisons between the all samples tested up to now. Test samples are
evaluated with respect to durability characteristics, distribution of the failure cycles

and the stiffness values.

Co.B with its new material, 51CrMoV4, had the highest durability after the tests, as
shown on Figure 5.14. It is 2 times more durable than Co.C samples and at least 6
times more durable than the other samples. Both the scatter characteristics and the
stiffness values show quite acceptable values. In spite of the best scatter
characteristics, Co.A samples that are produced from automatic bending machine

results on the unsatisfactory durability characteristics.

To conclude, when the durability results are analyzed thoroughly together with the
results of the earlier tests, Co.B-51CrMoV4 is the best substitute for the serial

production and can be released with respect to durability point of view.

a. See: Appendix B for the Section Chemical Properties of Materials
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5.7 EXECUTION

As it is already known, to test and conclude about the durability characteristics of
front axle’s stabilizer bar, 3 different groups of samples were delivered up to now.
The history of these tests is summarized in Table 5.1. Notation of this table will be

used throughout the report.

Table 5.1: History of the Tests

Group | Supplier | Material | Production Process Results
1 Co.A 50Crv4 serial low durability
Co.B 50Crv4 prototype fixture low durability
Co.A 50Crv4 shot peening higher durability, high scatter
) Co.B 50Crv4 serial fixture higher durability, high scatter
with new

Co.C 61SiCr7 geometrical form high durability

serial revised

Co.B 51CrMoV4 | fixture highest results, low scatter
with Boron
3 Co.B 50CrV4+ | additives tested by Co.B itself
automatic bending
Co.A 50Crv4 maschine low durability, lowest scatter
automatic bending
Co.A 61SiCr7 maschine lowest durability

The final group consists of samples with different material and different production
techniques. Co.A has delivered two different stabilizer bars, one is produced from
50CrV4, and the other is produced from 61SiCr7. And also, as a new production
technique, both of the samples are produced from a new automatic bending machine.
However Co.B has delivered 2 different samples, one is made of 51CrMoV4 and the
other is made of 50CrV4 with Boron additives. Except Co.B-50CrV4 with Boron, all

samples were tested at the last experiment.

Test samples are also investigated with respect to their geometry and the chemical
compositions. Table 5.2 summarizes the chemical compositions of the materials used
in the testing samples. It is a well known fact that both molybdenum and chromium
compositions increase the toughness of the material and impart hardenability and
resistance to softening. The geometrical measurement of the specimen is made
through a 3D coordinates measuring machine and the results have showed no critical

values out of tolerances.
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Table 5.2: Chemical compositions of the materials

Chemical Analysis
Material ' Composition (wt %)
C |Mn| Si P S Cr | Mo | V
047105 04 |0,025|0,025| 0,8 0,1
50Crv4 0,55 0,8 | max | max | max | 1,2 0,25

0,570,771 1,6 |0,025]0,025| 0,9 |0,15| 0,1
61SiCr7 0,65| 1 2 max | max | 0,45
0,48 10,7 | 04 |0,025]0,025| 0,9 | 0,15 0,1
51CrMoV4 0,56 | 1,1 | max | max | max | 1,2 | 0,3 | 0,2

The scatter of the failure cycles is also an evaluation criterion. To compare the scatter
characteristics of the samples a scatter ratio has been defined which is the ratio of
maximum failure cycle to minimum failure cycle, SR=Nmax/Nmin. Although scatter
ratio changes according to the load level but modern durability analysis requires a
scatter ratio of around 3. Therefore, how far the scatter ratio below 3 is, more

repeatable and more acceptable the test results are.

5.8 SINGLE RESULT

The setup, testing method and the evaluation criterion are kept same as in the former
tests.The obtained test results are evaluated with respect to the durability, scatter and
stiffness point of views, see Tables A.3 and A.4 @ The results are depicted on the
related figures comparatively with the results of the earlier tests. For different
materials Wohler lines have different slopes. Therefore comparisons are done for

each load levels separately as seen on Figures 5.16 and 5.18.

a. For Table A.3 and A.4, see Appendix A
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5.9 RESULTS of CO.B SPECIMEN

At 10 kN, see Figure 1, durability of first and second groups of Co.B samples
(according to their averaged values) has a ratio of 1:2.52. However the graph does
not include Co.B-3a samples, since failure cycles of these go beyond 1,000,000
cycles, which is the stopping criteria. In Figure 5.17 a better comparison between
three different Co.B samples can be done under 11 kN. Co.B-3a with a single value
of 885,000 shows a noticeable result which is almost 7-fold more durable than
Co.B-2b. Scatter characteristics of Co.B can be seen comparatively on Figures 5.17

and 5.18. While it is 4 in the second group, it decreases to 1.61 in the last samples.
When Figure 36 is analyzed, following values are obtained for the Co.B samples;

Table 5.3: Comparison of samples

Knee point (kN) Slope
Co.B-1b > 63 |-6,1
Co.B-2b > 9,34 | -19,3

Co.B-3a > 10,75 | -14,51

Those show that Co.B-3a samples have the uppermost Wohler line.

Comparison graph for 10kN
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Figure 5.16: Comparative graph for 10kN.
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5.10 RESULTS of CO.C SPECIMEN

Co.C offers a new geometrical form with 61SiCr7 material. Among the others Co.C
has the heaviest weight with 23,34 kg. Figure 40 shows that Co.C samples have an
averaged failure cycle of 450,000 under 11 kN, which is three times more durable
than Co.A

samples. But when Figure 40 and 41 are examined comparatively, it is seen that

Co.C samples are approx. 60% less durable than Co.B-3a samples.

Comparison graph for 11kN
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Figure 5.17: Comparative graph for 11kN.

Scattering characteristics of Co.C is quite acceptable with an averaged value of 1,43.

Figure 36 gives the Wohler line of Co.C samples as

N = Ny x (S/S0)”* where $4=9.41 at N4=2,000,000

5.11 RESULTS of CO.C SPECIMEN

Last group of Co.A differ from the previous serial and shot peened types with respect
to material and productions techniques. The samples that are made of 50CrV4 and
61SiCr7 are produced from an automatic bending machine.

However this last group with 50CrV4 does not show good results with respect to the

durability point of view. At 10 kN, Figure 39, the averaged failure cycles of Co.A-1a,
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-2a, -3¢ are 160.000, 416.000 and 165.000 respectively which shows a worse
durability for Co.A-3c in spite of a better scattering characteristics (from 2,8 to
almost 1). Figure 40 shows almost the same characteristics; failure cycles of 150,000
and 103,000 for Co.A-2a and Co.A-3c respectively. Figure 43 gives the Wohler line
of Co.A-50CrV4 as;

N = Ny x (S/Sa) ! where $4=8.26 at N4=2,000,000

The case with 61SiCr7 is the worst one. The results stay at the lowest position with

the lowest Wohler line.

Comparison graph for different force values

Co.C, SR=1.26
[e—

T T T
| | |
Co.B-3a ! ! !
| s | | |
| | | | |
1250 + - - - - — *--0--@ - - A --—----—----- —------ T-———-—-—----- - —-—-—-----1
—» ! ! !
: 1:1.3 | | | |
| | |
| | |
| | |
|
= ‘ Co.B-3a, SR=1.61
= |
g ! !
S ‘ V! ‘
- I L !
1200F-----—-—-—-—-—-————-—-—-—-——-——-————-"————“|-"——-—-—— A - - - - - A - - - A--——-——-------4

SR=Scatter Ratio= Nmax/Nmin
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Figure 5.18: Comparative graph for 12-12.5 kN.

5.12 OTHER CRITERION

Stiffness is another evaluation criterion. According to the technical drawing value,
theoretical stiffness is around 155N/mm. The tests have shown that the averaged
stiffness value for Co.A-50CrV4 is 146N/mm, for Co.A-61SiCr7 is 144N/mm and
for Co.B-51CrMoV4 is around 150N/mm. It is a well-known fact that stiffness *”

has a positive effect on the fatigue life of the component force controlled conditions.

Throughout the tests, both the place of fracture and the fractured surface of the bars

have also been evaluated. When the FEA ®” is examined, the most critical place on
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the stabilizer bar with respect to the stress is on the bend. The test results have shown
that the places of fracture in Co.B samples are mainly away from the bend. And also
the fatigue lines seen on the surface of the fractured bar show a clear expression of
the fatigue mechanism, see Figure 42. These figures display that in some of Co.B
samples the fracture starts from the inside which is the indication of homogeneous

material, good surface finish and therefore longer fatigue life.

- 'll.. i - 4 “
Co.B-12,5 Kn_190.,577

Co.B-11 Kn_885,000 Co.B-12 Kn_629,324

Figure 5.19: Fractured surfaces of the samples.

a. See: Theoretical Methods, Stiffness
b. FEA: Final Element Analysis, see Experimental Methods for FEM and ANSYS
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Often a characteristic form of the crack initiation is to be observed underneath the wire Surface. Thus,
a clear centre of crack initiation which possibly corresponds to one or more grain boundary areas
arranged in nearly the same position is discernible at a depth of approximately one tenth of a
millimetre. A possible failure mechanism to be assumed here — subject to further extensive
examinations — is that a ,,gaping™ of the grain boundaries is taking place which leads to a first
microcrack. This small crack then propagates further because of the high stress amplitude and

eventually leads to the fracture of the spring. [10]

Wohler Curves, kN vs. Failure Cycles

Force, kN

10000 100000 1000000 10000000

¢ Co.A-1a u Co.B-1b A Co.A-2a @ Co.C + Co.B-2b m Co.A-3c ® Co.B-3a

Figure 5.20: Overall Wéhler Lines “*”.

[10]: [citation from “Fatigue Behavior of Technical Springs” written by B. Kaiser, C. Berger]
a. “Overall Wohler Lines” graph is attached to the App.A Section in a larger format, See Fig A.1
b. Also see Figure A.2 for the comparison graph of forces related to the Wohler Curves
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5.13 EXPERIMENTS SUMMARY

Results obtained show that Co.B with its new material proposal, 51CrMoV4, is the

most durable one between Co.A and Co.C substitutes.

Co.B-51CrMoV4 has the highest stiffness value. Co.A with 61SiCr7 material does
not not give satisfactory results. The tests of Co.B-50CrV4 with Boron additives will
be carried out by Co.B itself.

Scatter in both Co.B and Co.A samples has greatly decreased as it seen on the Figure
5.20 above.

v

SEQV=487.835

SEQU=484.724

SEQU=472.093

Max. ¢ x
equivalent <

— atress: 487

.3EIC*1E171354>2E“1 108.408 rGE 216.316M,Ea 325.223 TN 433.631 CRACED

Co.B&Co. A -50CrV4

v

EQV=462.156

equivalent
stress: 477

Co.C -61SiCr7

.233E-16 106. 318.359 424.479
53.06 265.3 371.419 477.53

Figure 5.21: FEA Results of the specimens

With the new production process (new bending machine), Co.A is the best one but
with a cost of durability. Failure points in Co.A is always on the bending part of the
bar. But that of Co.B is mainly away from that part. Figure 5.21 shows the FEA
results of the three samples. Fraction points are obviously marked with the meshed

areas in red.
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Experiment history could be organized briefly as following:

5.13.1 SPECIMEN in GROUPS

First group was consisting of Co.A Serial — 50CrV4 and Co.B — 50CrV4 ( prototype

fixture). Obtained results were unsuccessful because of the low durability.

Second group was consisting of shot peened Co.A — 50CrV4 sample, serial fixtured
and shot peened Co.B — 50CrV4 sample and Co.C — 61SiCr7 with its new
geometrical form. Obtained results were partly acceptable, if both Co.C with high

durability and Co.A and Co.B with high scattered values are excepted.

Finally third group of experimental series was consisting shot peened Co.A —
61SiCr7 samples produced with a new bending technique, shot peened Co.A —
50CrV4 samples also bent with a new maschine, Co.B — 51CrMoV4 samples and at
last Co.B — 50CrV4+ sample including Boron additives. Performance of Co.B
50CrMoV4 sample has reached a high satisfaction. At Figure 5.20, the pink line at

the top represents these results.

Remarkable improvements of the fatigue properties of stabilizers at tests were

achieved by shot peening.

“ Shot peening involves tensile plastic deformation of a surface layer — produced as a sum of
numerous indentation expansions. Compressive residual stresses are generated at the surface because
of this tensile deformation. Peening can impose huge amounts of deformations without cracking
because of the hydrostatic compression that is involved.

The level of surface compressive residual stress is approximately half of the yield strength for the
heavily work-hardened surface. This “skin” has a thickness that is largely determined by the size of
the shot particles that have been used. Residual and applied stress superimpose themselves, so that

compressive surface residual stresses offset tensile applied surface stresses. It is that lowering of net
surface stress that improves the service performance of shot peened components.” [10]: B. Kaiser,

C. Berger, 2005.

[10]: [citation from “Fatigue Behavior of Technical Springs” written by B. Kaiser, C. Berger]
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All in all innovations of competitor companies at their production techniques and
optimizations they made at the mechanical such as chemical properties of specimens
@ contribute a better quality. Experiments also technically proved that Co.B is a
convenient substitute of Co.A.

Co.C with its remarkable results demonstrates only a good work of design, which is
unfortunately not suitable for the tested vehicles suspension system. Another

important conclusion is the importance of using materials innovated with the new

chemical knowledge.

5.13.2 FEM ANALYSIS - DETAILED EXPLANATION

A comparison of experimental results were always made with hand calculations.
Today researchers and engineers got the opportunity proving experimental results
with multiple softwares specified for scientific analysis. These softwares are
innovated in order to approximate the experimental data via mathematical analysing
methods like FEM. One of the most common used softwares is ANSYS like
mentioned at former chapters.

How those colored graphs are done in computer and how the data is calculated ?
Following section ®” includes screen shots picked up from the computer during the

analysis to explain the infrastructure of the experiment.

The data collected with strain gages are also depicted on a graph in order to compare

ANSYS calculated stress/strain values with the experimental results.

a. See Table A.6 at the Appendix section for the material properties of all Stabilizer specimen
b. See FEM Section — Chapter 6
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6 FEM SECTION - STRUCTURAL ANALYSIS in STEPS

Following screen shots are obtained from ANSYS software. In order to start with an
new analysis, it’s a must to having a three dimensional solid model. 3D samples can
be obtained by using a CAD software. After drawing the model, it can be easily
imported into analysing software, however the 3D visuals can be drawn via ANSYS

like samples mentioned below.

Drawing the half pipe

Bearer

The whole bar as a single volume and the
meshed sample (at the right)

Figure 6.1: 3D modelling samples in ANSYS.
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6.1 PREPROCESSING: DEFINING the PROBLEM

Main steps are listed below to make structural analysis with ANSYS [7]: Cook,
Robert Davis, 1995:
1. Modeling (Creating the solid model with utilities in software @9 or
outsourcing the file)
2. Defining the element type (Solid 90 in this case)
3. Defining the geometrical properties (like outside diameter, thickness of walls
etc. — not a necessary variable for this type of solid element)
4. Specifying the material properties (structural>linear>elastic>isotropic and
E=210.000 N/mm?, v=0.3 ®")
5. Meshing the volume "
6. Assigning loads and constraints (Applying Displacement/Force/Moment on
Keypoints)
7. Solving the system (Deflection/Stress/Strain data etc. will be calculated with
PC)
After obtaining the results using ANSYS, Deformed Shapes and Nodal Results can
be listed in text format or depicted in various graphs according the requested
parameters like (von Misses Stress etc.). Complex geometries used today require
high accuracy in results. Analyzer-calculated results are much more precise than
hand-calculated ones and they also can be obtained very quickly. Therefore, every
engineer should be capable to analyze with similar tools instead of making hand

calculations. Figures 6.2 and 6.3 are depicting the deflection and stress values on the

stabilizer bar forced with 10 kN at one end.

a. E is the default value of Young’s Modulus for hardened steel and v however is Poisson’s Ratio
related to material

b. The Volumes are based on many keypoints located in space. These keypoints are getting connected
through lines and crossectional areas which are actually guiding the software to generate the single
volume.

c. Creating arbitrary geometries on the surface to set noddle points. FEM is based on matrisses
including numerous noddle points. See Theoretical Methods for details.
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1
WODAL SOLUTION

Figure 6.3: Stress Analysis of Stabilizer Bar ®”.

a. Deflection varies values between 0 and 309 mm in z direction.
b. Stress values get the highest mark at the areas turning into red color, about 4000 MPa in this case.
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6.2 PROBLEM DESCRIPTION

The problem to be solved in this example is the analysis of a stabilizer bar. The
problem to be modeled in this example is simply showed in the following figure. The
bar is to be built of hardened " steel tubing (full) having an outside diameter of 45
mm. The Bar is fixed on all directions at one end and forced with 10 to 13 kN at the
free end. In order to prevent rotating on its own axis, the stabilizer bar is also fixed

with bushings ®5),

Figure 6.4: Experiments Infrastructure

6.3 POSTPROCESSING: VIEWING the RESULTS

After calculations using ANSYS, it is possible to find a variety of options to deal
with.
1. Plotting results of deformed shape (to view both the deformed and
undeformed object
2. Observing the value of the maximum deflection (which must be identical to
that obtained via hand calculations(c’*))

3. Plotting nodal solutions — DOF Solution (This means that a listing off all

translational or rotational degrees of freedom from the solution)

a. Shot peened — See Theoretical Methods.
b. See pics at Experimental Methods to see real pics. A simple demonstration is at Fig.6.4 above.
c. Not easy for this case because of the high accuracy (intensive meshed area)
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4. Deriving data via Element Table and listing (like stesses, strains)

5. Further actions to verify obtained data of the model

At the following screen shot (See Fig.6.4) some equivalent stress values at the
critical areas ( like bending curve ) are depicted according ANSYS calculations.
ANSYS allows to plot a variety of parameters in graphs and numbers. They could be

stress, strain and deflection values (See App.C for various ANSYS screen shots).

1
HODAL S0LUTION

Figure 6.5: Equivalent Stree Values by Bending
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7 SOLUTION and DISCUSSIONS

7.1  VERIFYING ANSYS CALCULATIONS with TEST RESULTS

Unfortunately making a very healty match isn’t possible. This problem could be
considered under heading of “Fatigue Behaviour Calculation under Extreme Forces”
(according the hypothesis called “Linear Shape Change Energy”) [6]: Feodosiev, V.
1. (Vsevolod Ivanovich), 2005.

In english, verifying the results could be done through a few formula using the tubes
dimensions. The table beneath simplyfies the verification in steps.

Default values are also included in formulas in order to calculate material specific

(See Fig.7.1 for picked values of dimensions at fracture point).

Table 7.1: Comparison Stress Calculation

F=12 kN Niract.=102,800 (from the loadside)

Material Specifications :
Material : (M) |50C+V4 (= 45cm)
Fracture Point (o) |200-1000 Himmd

EBending ¥ield Point: [ (ohy) |750 H/mmd
Torsional Vield Point: | (oety) | 500 Himmd

Moment of Inertia D | =inhir™s= 946,176 | [mum3)
FPolar Moment of Inert.| (J) [=2x] = 17894,352  |[mm3]
Fracture Point

Wertical Distatice to the point of loading = 420 min
Horizontal distance to the point of loading = 90 min
Torsion (M =Tell= 281 68 [H/mmd]
Bending hMoment (o&) =klc/I= 120,72 [H /]

Comparison Siress (oY) =(c&2+3 tHlid = 502,61 [Hiwond]

Comparing the result with random picked stress values from ANSYS screen (See
Fig.6.5), it can be clearly seen that the results are compable. FEM approximation was
successfull with results about 500 N/mm? like expected. Evaluation can go further by

picking similar points over surface and matching the results.
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Figure 7.1: Stabilizer Bar — Vertical and horizontal distances of fracture point from
the axis of movement (used in formula, See Table 7.1)

According experiment reports fractures mostly occured at these bending points.
However the stress graphs shows that there other critical areas like the middle of the
bar or bearers.
The endurance of a structure is up to three technical issues.

¢ Geometrical design

e Manufacturing skills

e Chemical properties of raw material
At this work, all of them are evaluated step by step and the behaviour of the stabilizer
bar is described in each case if there is an innovation or difference between both
former sample and the present one. FEM approximation was useful to determine
stress distribution over the stabilizers surface under torsion and it was also helpful to
imagine the circumstances abroad. With the help of an analysing software like
ANSYS, the car suspension system and its related parts can be observed in numerous

ways from different techical aspects.
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TABLES and FIGURES of EXPERIMENTS

APPENDIX A

Test Results of Experiment 1

Table A.1
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Table A.2: Test Results of Experiment 2

Type Specimen Tﬁgt ;'\:zzl'zm? Freq. N,\l: ri:bf (;601‘ cyc(l)e;i zféig
near
1 10,00 2,0 160000 X bushing
2 10,00 1,5 | 1000000 0 no fracture
3 12,00 1,0 125000 X | onthe bend
4 12,00 1,0 90000 X on the bend
near
Co.A 5 12,00 1,0 101161 X bushing
6 12,00 1,0 102800 X | onthe bend
avg. 12,00 - 104740 - -
near
7 15,00 1,0 22000 X bushing
near
8 15,00 1,0 50000 X bushing
1 8,00 2,0 | 450000 X on bushing
2 8,00 2,0 | 1500000 0 no fracture
3 10,00 1,0 120000 X | onthe bend
4 10,00 1,0 115000 X on bushing
CoB 5 10,00 1,5 146735 X on the bend
6 10,00 1,5 X on the bend
btw
7 10,00 1,5 138000 X bushings
avg. 10,00 - 129934 s
Q 8 12,00 1,0 39000 X on bushing
< 1 10,00 | 1,0 | 276000 | x | onthe bend
< btw
T 2 10,00 1,0 | 760000 X bushings
o 3 10,00 1,0 190000 X | onthe bend
L 4 | 10,00 | 1,0 | 545000 | x | onthebend
(reigf‘;'r'ied) avg. | 10,00 | - | 442750 | - i
5 11,00 1,0 108000 X | onthe bend
btw
6 11,00 1,0 110000 X bushings
7 11,00 1,0 154000 X on the bend
avg. 11,00 - 124000 - -
1 10,00 1,0 | 229000 X | onthe bend
2 10,00 1,0 380000 X on the bend
3 10,00 1,0 | 639000 X | onthe bend
Co.A (shot- | avg. 10,00 - 416000 - -
peened) 4 9,00 1,0 | 1000000 | o no fracture
5 11,00 1,0 122960 X on the bend
6 11,00 1,0 178000 X | onthe bend
avg. 11,00 - 150480 - -
1 11,00 1,0 430000 X on the bend
2 11,00 1,0 564000 X on the bend
Co.C 3 11,00 1,0 | 355000 X | onthe bend
avg. 11,00 - 449667 - -
4 12,50 1,0 164500 X on the bend
5 12,50 1,0 130000 X | onthe bend




Table A.3: Test Results of Experiment 3 (Co.A & Co.B)

. Test | Weight | Amplitude | Dizplacement | Stiffness | Freguency |Mumber of cyclas
Type Specimen Mo (k) (k) (mm) (M) (Hz) _ _ : Place of fracture
Min10 [l
1 (2194 11,00 niot messured 1.0 FS484 % on the bend
CoA- 2 | 2188 12,00 + 83 465 | 143,00 10 52300 % | onthe bend
B SiCr? 3 | 2200 11,00 not measured 10 74645 % | onthe bend
4 | 2200 11,00 10 51666 % | onthe bend
5 | 2200 | 10,00 +B9005 | 14528 20 49800 % | onthe bend
1 | 2224 | 11,00 +76,71 14339 10 106631 % | onthe bend
2 | 2224 11,00 +75285 | 14628 10 99156 % | onthe bend
° CoA-50Chd) 3 | 2222 10,00 + 68 51 146 55 10 165000 | % | onthe bend
= 4 | 2224 10,00 +hE .4 146 2 10 165784 | % | onthe bend
j"E 5 | 22,22 9,00 + 6236 144 25 20 884158 | % | onthe hend
5 1 | 2218 11,00 + 7282 16141 [10-20| 885100 | % | nearbushing
= CoB- 2| 2222 12,00 +79,79 150 &1 10 390823 | % | onthe hend
51 CrMDV4 3| 2222 12,00 +80 475 | 14910 10 B29374 | % |onthe bushing
4 | 2220 12,00 + 82995 | 15063 10 190577 | % | onthe hend
5 | 22200 11,00 + 76,76 150 53 10 191365 | % | inthe middle
CoB- 12
SOCHA with — testad by Co.C itself
Baron
additives) |
i}
Table A.4: Overall Test Results
Samples Frocess Material B kM Ry 10 kM 11 kM T2kM | 128KMN| 15KN
10000 126000 22000
: 0000 50000
a0chd
serial 101161
102800
1000000 | 229000 | 122960
shot peened B0CH/4 380000 | 178000
CoA 525000
zhot peensd 884158 | 165000 | 106631
a0chd
mmachine 165784 | 99155
49800 | 69484 | 52300
shot peened | B1SiCr7 51665
74645
450000 115000
shot peened with 1500000 120000
prototype fixture ettt 146735
135000
27R000 | 108000
shot peened with ZB0000 | 110000
CoB serial fisture anemd 190000 | 154000
545000
885100 | 390823 | 190577
a1 Crion'd
shot peened Fhio 529374
shot peened with | £ncprds tested by Co.B itzelf
reinforcing additives
430000 164500
Co.C newy form B15iCty 564000 130000
355000
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Material Properties of Stabilizer Specimen

Table A.5
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APPENDIX B: TABLES of CHEMICAL PROPERTIES

Table B.1: Material specification sheet of 50CrV4

Saarstahl - 51CrV4 (50CrV4)

Matenal No.:

18159

Former brand name:

F2K

International steel grades:

BS:

AFNCOR:

SAE:

T35A51, 735MED0, 735H51

S0Ch4, 51CV4

4150

Material group:

Steel for quenching and tempering according to DIN EN 10083

Chemical
composition:
(Typical analysis in %)

C

Si

Mn

Cr

v

other

0,50

0,25

0,90

1,10

0,12

(Pb)

Application:

Alloyed heat treatable steel with a typical tensile strength of 900 -
1200 N/mm? For automotive and mechanical engineering compo-
nents as gear parts, pinions, shafts.

Hot forming and
heat treatment:

Forging or hot rolling:

Normalising:

Soft annealing:

1050 - 850°C

870 - 900°C/air

680 - 720°C/furnace

Hardening: 820 - 860°C/oll

Tempering: 540 - 680°Clair
Mechanical Treated for cold shearability +S: See condition A
Properties: Soft annealed +A: max. 248 HB

Quenched and tempered, +QT:
Diameter d [mm] <16 =16 — 40 >40 - 100 >100 - 160 =160 - 250
Thickness t [mm] <8 B<t<20 20<t<60 B0<t<100 100<t<160
g’;?f[f,jfmf]”ess min. 900 min. 800 min. 700 min. 650 min. 600
Tensile strength Ry, [N/mm?] 1100-1300 | 1000 - 1200 500 - 1100 &50- 1000 800 - 950
Fracture elongation As [%] min. 9 min. 10 min. 12 min. 13 min. 13
Reduction of area Z [%] min. 40 min. 45 min. 50 min. 50 min. 50
Notch impact energy I1SO-V [J] min. 30 min. 30 min. 30 min. 30 min. 30
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Table B.2: Material specification sheet of 51CrMoV4

Saarstahl - 52CrMoV4 (51CrMoV4)

Matenal No.: Former brand name: International steel grades:
17701 F4K BS:
AFNOR: 51CDOV4
SAE:
Material group: Hot rolled steel for springs suitable for quenching and tempering ac-
cording to DIN 17221
Chemical C Si Mn Cr Mo v
composition:
{Typical analysis in %) 0,50 025 0,90 1,10 0,25 0,10
Application: Hot rolled steel for springs for highly strained springs suitable for

quenching and tempering, as leaf springs and helical vehicle
springs, stabilisers vehicle, torsion bars, cup springs.

Hot forming and Hot forming: 1050 - 850°C

heat treatment: Hot deformation: 920 - 830°C
Normalising: 850 - 880°C/air
Soft annealing: 640 - 680°C/furnace
Hardening: 830 - 860°Clall
Tempering: 430 - 500°C/air

Mechanical Treated for cold shearability +5: max. 280 HB

Properties: Soft annealed +A: max. 248 HB
Spheroidized annealed - GKZ (+AC) max. 225 HB
Core hardness after quenching: min. 54 HRC

Hardened and tempered, H+A, 16 mm flat steel bars, 25 mm bars

o
gﬁf&ﬁ;gmss min. 1200
Tensile strength Ry, [N/mm?] 1400 - 1700
Fracture elongation As [] min. 6
Reduction of area Z [%] min. 30
Notch impact energy ISO-V [J] min. &
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Table B.3: Material specification sheet of 61SiCr7

WetkestofNr Alte Werksmarke: Internationale Bezeichnungen:
1.7108 BS:

AFNOR: 60SC7

SAE: 9262
Werkstoffgruppe: Warmgewalzter Stahl fir vergitbare Federn nach DIN 17221
Chemische C Si Mn P S cr
Zusammensetzung:
Schmelzanal in % 057 150 0,70 0,20
( veein) 065 180 1.00 <0.030 <0.030 0.40

Verwendung:

Warmgewalzter Stahl fiir vergiitbare Federn, wie z.B. Blatt- und
Schraubenfedern, Stabilisatoren an Schienenfahrzeugen, Dreh-
stabfedern, Ringfedern.

Warmformgebung und Warmumformen: 1050 - 850°C
Warmebehandiung: Warmverformen: 900 - 830°C
Normalglihen: 850 - 880°C
Weichgluhen: 640 - 680°C
Harten: 830 - 860°C/0el
Anlassen: 350 - 550°C
Mechanische behandelt auf Scherbarkeit ( C): max. 260 HB
Eigenschaften: weichgegliht (G): max. 248 HB

gegluht auf kugelige Carbide (GKZ):

Harte im Kern nach Abschrecken: max. 230 HB

min. 54 HRC
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APPENDIX C: ANSYS SECTION - FEA RESULTS

OLUTION

Figure C.2: Strain values at the bearer
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Figure C.4: Equivalent stress values at the bend

75



OLUTION

i,
NODAL SOLUTION

Figure C.6: Equivalent stress values in the middle section of stabilizer
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