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DESIGN IMPROVEMENT FOR TORQUE ROLL RESTRICTOR BRACKET
SUMMARY

In this thesis, failures on the torque roll restrictor (TRR) bracket used in Ford
vehicles are investigated. Main reasons of failures are discussed and problem is
solved by improving TRR bracket design.

To simulate the real road condition of the vehicle, vehicle durability test, driveline
impact test and comparison oriented abuse & static tests are performed with the new
supplier TRR bracket designs. Modifications on increasing radii & thickness of
supports are the proposals for improvement. Several Finite Element Analyses were
performed for each proposal. The results of the analyses were compared with the
vehicle and component test results, which were performed during TRR bracket
improvement studies.

Beside TRR bracket design improvement studies, material properties, porosity and
hardness studies were performed in order to reveal the effects of the parameters on
bracket fatigue and static strength performances according to change of supplier.

Static analyses with static and equivalent dynamic loads considering the condition of
the maximum vehicle gross weight effect on the TRR bracket transferred from
transmission to the roll restrictor mount were performed using finite element
software. The results of the analysis were compared with the results of the tests.

In addition to design improvement of the TRR bracket, weight optimization was
performed with correlated Finite Element model, as a next step of the study.
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SANZIMAN  ASKI  SALINCAK  BRAKETININ  TASARIMININ
IYILESTIRILMESI

OZET

Bu c¢alismada, Ford araglarinda kullanilan sanziman aski salincak takozlarinda
goriilen kirllma ve catlama hatalart incelenmistir. Sorunun kdk sebepleri iizerinde
durulmus, takoz pargasinin tasarim iyilemesi ile problemin ¢ézliimiine ¢aligilmistir.

Mevcut tasarim sanziman aski salincak takozlariyla yeni imalatgl ile tasarim
iyilemesi yapilmis takozlari, gercek yol kosullar altinda ¢alisma durumuna temsilen
ara¢ dayaniklilik testleri ve karsilastirma amacgli yorulma testleri tamamlanmustir.
Sanziman aski salincak takozundaki feder kalinli§i ve yarigaplarini arttirma,
iyilestirme i¢in sunulan onerilerdir. Her bir 6neri igin gesitli sonlu eleman analizleri
yapilmistir. Ara¢ ve yorulma testlerin sonuglari, tasarim iyilestirme caligmalar
sirasinda yapilan analizler ile karsilastirilmistir.

Sanziman aski salincak takozlar tasarim iyilestirme ¢aligmalarina ilaveten, imalatci
degisiminden kaynaklanan, yorulma ve statik dayanim performansinda etkili
olabilecek malzeme 6zellikleri, dayanim ve gozeneklilik calismalar1 yapilmstir.

Analizler statik ve dinamik yikler ile, sonlu elemanlar yontemi ile aracin kendi
agirliginin maksimum diizeydeki etkisi ve sanzimandan aski salincak ayagina iletilen
yiikiin etkisi dikkate alinmak suretiyle sonlu elemanlar paket programi kullanilarak
yapilmistir. Analiz sonuglari, deneysel sonuglar ile karsilastirilmistir.

Tasar1 iyilemesinin yaninda, testlerle dogrulanmis sonlu elemanlar modeli ile agirlik
optimizasyonu da, bir sonraki asama ¢aligmasi olarak yiiriitiilmiistiir.
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1. INTRODUCTION

Vehicle tests are performed at Ford vehicle test centre, which is Lommel Proving
Ground, and abuse tests are performed at Ford OTOSAN Golciik Plant. After that,
TRR bracket will be modelled and FEA will be performed. The aim is to correlate
the FEA model according to exact test results and prove accuracy of the model with
further rig test. Finally, TRR bracket design improvement should be completed by
FEA analysis, without performing any further vehicle test. This will provide Ford
Motor Company significant cost saving by eliminating testing and engineering costs
also mentioned by Dubensky (1986), that using CAE tools provide %27 time saving
and %32 cost saving.

1.1 Background to study

Physically, the powerplant mount system consists of all the mounts, roll restrictors
and dampers, all of the associated off-powerplant brackets, and any adapter brackets.
The powertrain mounting system of a vehicle provides to support and locate the
powerplant assembly, control/restrict movement of the powerplant assembly, to
isolate the powerplant assembly for NVH, damp suspension inputs to body when
acting as an auxiliary mass damper to absorb road inputs and reacting powerplant
output torque and dynamic load inputs as the primary functions.

The function of the mounting system is to support powerplant weight, control gross
motion under torque, and isolate P/T vibration inputs at all frequencies. These
functions are carried out by two broad functional categories of elastomers: Base
Mounts, and Roll Restrictors.

Roll Restrictors are defined as those mounting elements that perform the task of
reacting high mean torque as well as isolate the vibration of the powerplant at high
torque. The loads are transferred through the roll restrictor bracket to body side of
vehicle. Therefore, in design of the roll restrictor bracket, vibration and durability
should be in to consideration. In this study, only durability side will be important due

to the slight change on bracket weight.



Design for durability should focus on the yield strength and fatigue strength of
bracket. To this end, maximum loads that may produce stresses close to yield stress
and continuous loads that may produce fatigue failure should be considered. These
loads are typically given to the mount supplier to design for durability using
analytical methods like FEA.

The magnitude of the maximum load is dependent upon vehicle structure, engine
mount design, tire pressure, suspension, and powerplant. The mount system should
be designed to withstand the maximum loads produced by the vehicle in the selected
road load and special event testing. Mounts should be designed to prevent tensile
yield at the maximum vehicle load inputs with a 10 percent design safety factor. In
preliminary design work, before prototype vehicle road load data is available, the
ultimate loads should be estimated from the test data of similar configuration and

weight vehicles.

Actual mount loads can only be determined through the use of instrumented vehicles.
Each mount's vertical, lateral, and longitudinal loads (it is desirable to measure
accelerations also), and operating temperature, are measured and recorded. The road
load data is reported in histogram form, load magnitude vs. number of occurrence,
for the durability test route selected. Loads for special events such as curb impacts
and chuckholes are reported in table form. Stress analysis on the design is then
carried out using CAE or other standard calculations. In addition, load estimates of
this type should be adjusted for differences in weight, suspension compliance, and
tire size. In any case, upfront mount loads used for design should be representative of
the loads used for design verification downstream as outlined in P/T Mount System
Design Guideline (2004).

Fatigue is failure under repeated loads. The subsystem (both rubber and metal
components) and its attachments must be designed to withstand the fatigue loading
produced by the applicable Real World Usage Profile. In preliminary design work,
before vehicles road load data are available, the road loads must be estimated from
test data for similar configuration and weight vehicles or from correlated analytical
models. The primary inputs to component life prediction with analytical techniques
are: (1) a set of material properties related to cyclic deformation and (2) a loading
time history of the component. The service loads of a component are derived

experimentally through durability road routes or analytically/semi-analytically



simulating the durability road inputs. Stress or strain spectra at critical locations are
then determined by use of specialized computer programs and FEA.






2. THEORY OF FINITE ELEMENT ANALYSIS AND DURABILITY LIFE
ESTIMATION

2.1 Background of Finite Element Analysis Theory

To obtain solutions to the differential equations for various physical and non-
physical problems, the finite element method that is a numerical analysis technique
used by engineers, scientists, and mathematicians.

The underlying premise of the finite element method is dividing a complicated
domain to a series of smaller regions in which the differential equations are
approximately solved. For each region, the set of equations are built to determine

behaviour over the entire problem.

The domain is divided finite number of element as a region in a process that called as
discretization. These elements are connected each other with nodes as a point. The
process requires that the solution for the common boundaries of adjacent elements is

continuous.

As described by Kenneth et al. (1982), the finite element procedure can be reduced to
a series of basic steps. These are discretization of the continuum (meshing), selection
of interpolation functions (in most cases, a polynomial interpolation function is
used), finding the element properties (the field variable in the domain of the element
is approximated in terms of discrete values at the nodes), assembling the elements
(the value of the field variable at a node must be the same for each element which
shares that node), applying the boundary conditions, solving the system of equations
(If the system of equations is linear, a Gaussian elimination or Cholesky
decomposition algorithm can be used), making additional computations (includes
the computation of principal stress, Von Misses stress, and strain energy in a

structural analysis, if needed).



2.1.1 Basic concepts in three — dimensional linear elasticity for stress

components

The state of stress can be denoted by the normal stresses oy, oy, 6, and six
components of shear stress. In a Cartesian coordinate system, these components are

configured on an element of volume as shown in Figure 2.1:

Elemeantary
Yolume

dv

Figure 2.1 : Definition of Cartesian Stress Components.

By considering the equilibrium of forces as the element volume decreases in size,

the symmetry of the shear stress components can be proven such that:

Tyx=Txy Tzy=Tyz Tzxx=Txz (2.1)

Hence, there are six unique components of stress represented in vector form:

°=|. (2.2)

The stresses are related to the strains through a constitutive law that is a function of

the material properties.

The constitutive equations relate components of stress to the components of strain. In

general, the relationship can be expressed as:

6(x,y,2)=C.e(x,y,2) 2.3)

Where C is termed the material elasticity matrix.



For a general anisotropic material, the matrix C would have 36 terms. However, if
only homogeneous and isotropic bodies are considered, then, a relatively simple
matrix may be obtained. Homogeneous implies that the material properties are the
same everywhere within the body, while isotropic implies that the material properties

are identical in all directions.

Using Hooke’s law gives the following relationships:

o5 Ty Gz 1
B — — — Y- ™  — y -— W r = — -T 7
*TE E E YT ®
Gy Oy oz 1
[ A Y g = — T (2.4)
YT g E E IR
Ijz Ux U}.— 1
= = — -y — =y - — b r — T -T =¢
T F E E T "

where E is the modulus of elasticity, v is Poisson’s ratio, and G is the modulus of
rigidity.
The latter constant may be expressed as:

E

Ty (2.5)

Rewriting the normal strains of equation (2.5) in matrix form gives

. 1 —v —v Oy
1

By | = E 4= 1 — ||c N (26)

.. ~ ~ 1)|o,

Inverting the 3 x 3 matrix expresses the normal stress components in terms of the

normal strains:

d -

¥ x I1—v v v Ex
E 1
G+ | = - — v | B
T A+ v)(1=24) ¥ (2.7)
! ! 1-—- o

Gz



Combining the shear components of (2.4) with (2.7) yields the matrix C of equation
(2.8):

I—v v A 0 0 0
v 1-v 0 0 0
v v 1-v 0 0 0
1-2.
.. E o 0 0 — 0 0
T A+ v(1-2+) - (2.8)
1—2x
0o 0 0 0 0
2
1-2.
0 0 0 0 0 -
2

Observe that the C is symmetric and is a function of the modulus of elasticity and

Poisson’s ratio.

Other constitutive laws exist (for anisotropic bodies) that allow for different material

properties in different directions.

In plane stress, the continuum is usually a thin structure such as a plate, and stresses
normal to the plane are assumed to be negligible.

The non-zero components of stress and strain are:

Tx Ex
o = G ¥ 7= c ¥ (2 9)
T h-}.' -I'l h-}.'

2.1.2 A triangular element in plane stress

In the previous section, the equations of three-dimensional linear elasticity were
presented followed by a specialization to plane stress and plane strain problems. In
this section, finite elements of elastic continua are developed as applied to two-
dimensional problems of plane stress. The most geometrically versatile element and

simplest of two-dimensional elements is the triangular element.

The derivation of the equations for the elastic triangular element dates back to 1956
in classic paper by Turner et al. (1956) referred to as the direct method; the

derivation is used as a point of departure into more abstract concepts.



The element equations consider a typical triangular element of thickness, t, with the
following forces and displacements at the nodes in Figure 2.2:

Y
o

2
(xz -}"2)

Figure 2.2 : Triangular element in plane stress.

The element above has two degrees of freedom per node that correspond to the
horizontal and vertical components of displacement. There are a total of six degrees
of freedom for the element. In matrix notation the force-displacement equations for

the element become

Ke . Se = Fe (2.10)

where K. is the element stiffness matrix and the displacement and force vectors are

defined as
8= (U1 ViU Vo U Vv3)' (2.12)
Fe=(F1FaFaFsFsFg)" (2.12)

respectively.

The element stiffness matrix, Ke, will be determined using the direct method and the
energy method. It will be shown that the direct model is the more intuitive method

and can be applied most practically too simple element shapes. On the other hand,



the energy method is a general formulation that allows the finite element method to
extend beyond the realm of elasticity.

2.2 Theory of Optimization Method

In this study Altair OptiStruct has been used as an optimization tool. OptiStruct is a
finite element and multi-body dynamics software which can be used to design and
optimize structures and mechanical systems. OptiStruct uses the analysis capabilities

of RADIOSS and MotionSolve to compute responses for optimization.

RADIOSS can be used to analyze a wide variety of design problems in which the
structural and system behaviour can be simulated using finite element and multi-

body dynamics analysis.

The analysis capabilities are comparable to those of other standard finite element and
multi-body dynamics solvers. It uses the latest numerical formulations available and

fast, and robust solver techniques.

MotionSolve provides a comprehensive set of elements to help one model and
simulate an almost infinite variety of mechanical and mechatronic systems. These
elements can be combined to model systems such as vehicles, hard disk drives,
aircrafts, satellites, and robots. These systems can be analyzed for various
performance criteria, such as motion, mechanical advantage, power requirements,
vibration, stability, loading, efforts, interference, penetration, stress distribution,

durability, and controllability.

Structural design tools include topology, topography, and free-size optimization. In
this study, topology optimisation has been used.

In the formulation of design and optimization problems, the following responses can
be applied as the objective or as constraints: compliance, frequency, volume, mass,
moment of inertia, centre of gravity, displacement, velocity, acceleration, buckling
factor, stress, strain, composite failure, force, synthetic response, and external (user
defined) functions. In this study, linear static forces are applied and single points of

contacts are used as constraints.

Topology, topography, size, and shape optimization can be combined in a general

problem formulation.
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2.2.1 Topology optimisation

Topology optimization generates an optimized material distribution for a set of loads
and constraints within a given design space. The design space can be defined using
shell or solid elements, or both. The classical topology optimization set up solving
the minimum compliance problem, as well as the dual formulation with multiple
constraints are available. Constraints on von Misses stress and buckling factor are
available with limitations. Manufacturing constraints can be imposed using a
minimum member size constraint, draw direction constraints, extrusion constraints,

symmetry planes, pattern grouping, and pattern repetition.

Different solution sequences are available to compute structural responses. Solutions
for optimization are: linear static analysis, normal modes analysis, linear buckling
analysis, frequency response analysis using the modal method, and non-linear gap

analysis.

Solutions that are not yet available for optimization are: frequency response analysis
using the direct method, random response analysis, transient response analysis,

thermal analysis, fluid-structure (acoustic) analysis, and fatigue analysis.

2.3 Theory of Durability Life Estimation

2.3.1 Background study for durability life estimation

Currently, proper fatigue design involves synthesis, analysis, and testing. Fatigue
testing alone is not a proper fatigue design procedure, since it should be used for
product durability determination, not for product development. Analysis alone is

current fatigue limit.

Aichberger et al. (2007) show a graphical data of AISi9Cu3 engine support bracket
fatigue life assumption with FEMFAT local stress-life concept and local strain-life
methods, in x-direction loading, in SAE 2007 Congress. As seen in the Figure 2.3
stress-life approach is giving a better results but it is not sufficient due to the surface
boundary layer of an AISi9Cu3 with die casting is pore-free due to the manufacturing

process. Therefore, it would be more durable then nominal local life assumption.
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Figure 2.3 : Calculations with nominal material properties and testing results.

For life assumption from stress values approach, Basquin (1910) suggested a log-log

straight line S/N relationship such that;
Sa or Snr = A(Ny)® (2.13)

Figure 2.4 illustrates the process for determining the maximum allowable stress limit
when designing the component using CAE tools, as outlined in section 3 Figure 2.4
is a generic curve for aluminium alloys with a UTS of between 240-320 MPa. It
represents the fatigue strength of a component composed of this material when
subjected to repetitive / intermittent load cycling (+/- peak load). Due to the inherent
nature/functionality of P/T mount system parts they must withstand cycling loads in
addition to a simple static strength as indicated in Modelling, Analysis and Reporting
Guidelines (Farrington et al., 2003).
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Distribution of SN Curves for Aluminium with a UTS of between 240 MPa and 320
MPa
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Figure 2.4 : Distribution of S/N Curves for Aluminium with a UTS of between
240 MPa and 320 MPa.

In this study, AISi9Cu3(Fe) is used as a TRR bracket material whose UTS is
changing between 240 - 320 MPa due to die casting manufacturing process effect.

For the testing results and FEA results this effect will be considered.

2.3.2 Calculation of CAE predicted minimum life of the TRR bracket in rig

condition

The test/CAE where correlation can be investigated here is the peak X load case —
this would represent an event such as a very severe and unintentional stop impact
(such that this would be one of the worst 100 such events in the life of a 95™

percentile vehicle).

After all analysis done stress areas will be determined. Upon inspection it is judged
that area one of them has the highest stresses, and so the maximum stress will be
used with the numbers taken from that area. All of the remaining results are
calculated in the same manner, in line with the Modelling, Analysis and Reporting
Guidelines (Farrington et al., 2003).

There is two way to calculate stresses with respect to guideline in terms of

reversibility and safety factors coming from mesh quality and selected order of
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elements. For the brittle material such as aluminium alloys ford guide line states that
S/N curve would be used to determine life from stress level on part.

If the stress is not reversal before reading life from S/N curve some normalisation
should be done on the results to find equivalence stress value. To normalise the
minimum and maximum principle stresses. These values would be found with
multiplying by 1.3 with read value from FEA results. After normalized values

obtained the following formulation to be applied to gain equivalence stress:
oequiv = 0.25%(3* omax — omin) (2.14)

If one uses VVon Misses values and system is reversible, than only non-homogeneity
& surface finish, geometry variation and coarse order safety factors would be

applied.

To allow for non-homogeneity and surface finish the safety factor is 1.1-1.2, to allow
for component geometry variation safety factor is 1.1-1.2 and to factor for fine high

order tetrahedral 1.1 safety factor should be applied to results.
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3. TORQUE ROLL RESTRICTOR BRACKET DURABILITY ISSUE AND
THE ASSOCIATED STUDIES

3.1 TRR Bracket Implementation History

For V227, Ford had supplied the initial defined TRR bracket from the same supplier
of Ford Focus TRR bracket. In 2003, localization of supplier study for V227 was
performed to gain effective part transportation. In that study, both suppliers’ parts
were tested back-to-back and parts were signed-off according to Ford TRR Bracket

Engineering Specification (2004).

After the localization study, there is no change recorded on bracket design since
2003.

3.2 Definition of Failure Modes

The first step of this study is to reveal the reasons for the failure of the bracket. Due
to the high warranty samples, cause effects are investigated. Cause effects might be
due to insufficient clamp load of bolts caused by assembly wrong bolt torque value,

supplier production process, material properties or wrong design parameters.

Before defining the failure modes, the warranty data (Figure 3.1) should be reviewed

to understand the dimension of the failure mode.
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10

Torque Roll Restrictor Bracket Waranty Data
Number of Part vs Production Date

Count of VIN

Part Num Base (Causal)

[Model Year]Production Month]

O6P093

Figure 3.1 : Warranty data of TRR bracket that have been produced in between

Feb2003 - May20009.

Ford warranty database (Figure 3.1) shows that the production line supplier produces

the TRR bracket with 3.5 sigma value. In general, 3.5-4 sigma values are acceptable

for automotive industries. However, Ford Otosan has a target to reach working with

6-sigma values with all components. Therefore, the aim is to improve TRR bracket

part to 6-sigma value.

To define failure mode all steps should be investigated. Before deciding which

failure mode causes to this effect, number of failed part vs. failure [km] range should

be also discussed. As seen in Figure 3.2 most of the failure mode has occurred in low

mileage. That means the failure mode is not due to the low stress safe-life fatigue but

due to the high impact loads to fail before determined number of finite life cycle.
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Figure 3.2 : Total amount of failed part vs. failure mileage range.
3.2.1 Assembly line bolt torque values

An impact-load failure mode can be due to the bolt torque loss. A standard hexagonal
bolt approximate torque values are calculated by Norm (2007) with respect to
nominal diameter, pitch, grade, and friction coefficient of threads of the bolt. For
TRR system, all five-bolts used are M10 x 1.5 with grade 8.8 and their thread friction
coefficients are given as nominal 0.20. For these values catalogue shows average
value should be 53Nm. In assembly line, bolts are torqued to 47.5Nm + 7.2Nm by
computer controlled air wrench tool and if there is a missing and/or wrong-torqued
bolt exist, that stops the line and gives an alarm (torque sequence process is shown in
Figure 3.3).
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(b)

Figure 3.3 : Process sequence of TRR bracket to (a) transmission and (b) the roll
restrictor.

(@)

The torque values are in nominal values of standards and process controlled by
computer safely (all data are saved in process report sheet that seen is Figure 3.4 as

an example - no failure in the assembly line was detected so far).
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Figure 3.4 : An example of process control report.

Also for torque measurement are taken from vehicles for eliminating bolt torque
value variation. Torque measurement results on vehicles with after mileage has been
started. Results of running vehicles are appropriate to the specifications. For 22.370

km mileage vehicle results please see Table 3.1.
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Table 3.1 : RR Bracket Torque Measurements of Vehicle 9D29656 (22370km)

Application Type Check Minimal Nominal Maximum Visual
value check
RR Bracket
on MIOX35  5o8 3843 475 6276  OK
.. Screw
Transmission
RR Bracket
on MIOX35 477 3843 475 6276  OK
.. Screw
Transmission
RR Bracket
on MIOX35 455 3843 475 6276  OK
.. Screw
Transmission
RR10 — \10x70Bolt 435  43.43 50 6876  OK
Subframe
RRIORR 1105 80Bolt 436  43.43 50 6876  OK
Bracket

For torque measurements after 8 km — Squeak & Rattle Track running vehicle results

please see Table 3.2.

Table 3.2 : RR Bracket Torque Measurements of Vehicle 9D29656 (8km — Squeak
& Rattle Track additionally)

Application Type Check Minimal Nominal Maximum Visual
value check
RR Bracket
on M10 x 35 42.8 38.43 47.5 62.76 OK
.. Screw
Transmission
RR Bracket
on MIOX35 1 g 3843 475 6276  OK
.. Screw
Transmission
RR Bracket
on M10 x 35 50.7 38.43 47.5 62.76 OK
.. Screw
Transmission
RR10 — \10x70Bolt 502  43.43 50 68.76  OK
Subframe
RRWORR 1105 80Bolt 502  43.43 50 6876  OK
Bracket

In addition to torque measurement from vehicles with after mileage, 50 audit torque
measurements had been requested from assembly shop to see capability of assembly

shop torque-process. When measurement results of 3 connections (RR bracket to
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Transmission) are analysed in Minitab using the Weibull distribution, the output in
Figure 3.5, Figure 3.6, and Figure 3.7 are generated.

Process Capability of Joint 1

LsL LISL — Wiiithin
I I = = neral
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PPM Total 0,00 PEM Total  4477,35 PPM Total 1265020
Figure 3.5 : Process Capability of Joint 1.
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Figure 3.6 : Process Capability of Joint 2.
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Process Capability of Joint 3
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Figure 3.7 : Process Capability of Joint 3.

Figure 3.5, Figure 3.6, Figure 3.7 contains the Weibull plot for the observed results
that there is no part out of specification. However, Weibull plot predicts that
4477,35(a) and 3273.32 (c) parts per million will not be in specifications if process is
continued in this manner. According to the assembly shop records, Weilbull plot

prediction can be ignored for this process.

3.2.2 Production line process

High impact-load failure can be also caused by worse production process that can
cause to porosity, and some defects on part. For optimization of cost and robustness
issue, both alternative supplier and current production supplier are studied. However,
when the current supplier tool is inspected, some defects are seen such as porosity
(Figure 3.8), due to almost completion of expected life of the mould and lack of
sequence in porosity inspection. This means current supplier should change the

production tool and increase the sequence of porosity inspection.
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Figure 3.8 : Current supplier bracket brakeage due to the porosity issue.

For the alternative supplier, production tool was new, and certification to serial
production was taken. However, a failure was seen in impact testing that will be
discussed next chapter. To eliminate porosity effect, analyses were done with proper

tool. Results are seen in Figure 3.9 to Figure 3.14.

Figure 3.9 : Porosity analyses locations.

The porosity inspection of the 1% region as seen in Figure 3.10 was done with 61.0
kW--1.-90 mA. It is in Level 1 according to ASTM E 505 Standard.
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Figure 3.10 : Porosity inspection for the 1% region.

The porosity inspection of the 2" region as seen in Figure 3.11 was done with 63.0
kW--2.00 mA. Itis in Level 2 according to ASTM E 505 Standard.

Figure 3.11 : Porosity inspection for the 2nd region.

The porosity inspection of the 3™ region as seen in Figure 3.12 was done with 66.0
kW--2.10 mA. Itis in Level 1 according to ASTM E 505 Standard.



Figure 3.12 : Porosity inspection for the 3" region.

The porosity inspection of 4™ region as seen in Figure 3.13 was done with 58.0 k\W--
1.70 mA. Itis in Level 1 according to ASTM E 505 Standard.

E N

Figure 3.13 : Porosity inspection for the 4t region.

The porosity inspection of 5™ region as seen in Figure 3.14 was done with 62.0 k\W--
2.10 mA. Itis in Level 1 according to ASTM E 505 Standard.
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Figure 3.14 : Porosity inspection for the 5™ region.

All results for all locations are Level 1 and Level 2 where the accepted value is Level
3 and better (1-3) referring to ASTM E 505. This porosity specification is taken from
Ford TRR Bracket Engineering Specification (2004).

In addition, alternative supplier has applied finer surface finish as an improvement
that affects the long-life fatigue (Juvinall and Marshek, 1991).

3.2.3 Material properties

For TRR bracket, material is stated as EN 1706 group aluminium alloys. The current
supplier has selected EN 46200 AIlSi8Cu3 (Fe) and the alternative supplier has
selected EN 46000 AISi9Cu3 (Fe). These two aluminium alloy belongs to same
group and their tensile, elongation and mechanical properties almost same with each
other. To eliminate the effects of material properties, chemical composition, and
hardness analysis have done for each supplier.

Material and hardness specifications are taken from British Standard EN 1706:1998
and all harness and material composites are in specifications for both suppliers (for
test results please see Appendix B). For both high-pressure aluminium alloys’

mechanical properties are shown in table.
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Table 3.3 : EN 46000 and EN 46200 group pressure die cast aluminium alloys
mechanical properties

Tensile Proof Elongation Brinell
. strength stress hardness
Material MPa MPa % HBS
. . min. -
min. min. min.
EN 46200
AISISCU3 240 140 1 80
EN 46000
AISI9Cu3(Fe) 240 140 <1 80

For the chemical composition of the AISiI9Cu3 (Fe) and AlSi8Cu3 table is also taken
from British Standard EN 1706:1998 (for BS EN 1706:1988 tables please see
Appendix A) .

Table 3.4 : Chemical composition of Aluminium casting alloys EN 46000 and EN
46200 in % by mass

Material Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti
EN 46200 7,50- max. 2,00- 0,15- 0,05- ) max. max. max. max. max.
AlSi8Cu3 950 080 3,50 0,65 0,55 0,35 1,20 0,25 0,15 0,25

EN 46000 8,00- max. 2,00 max. 0,05 max. max. max. max. max. max.
AISi9Cu3(Fe) 11,00 130 400 055 055 015 055 1,20 0,35 0,25 0,25

3.2.4 Design parameters

As seen in warranty data most of the failure mode has occurred in low mileage that
was indicated that failures occur due to the high impact loads in the beginning of the
Section 3.1. Customer misusage may cause such impact-loads. These abused loads
are higher than standard customer usage in worst case condition and to eliminate this
effect, special component and vehicle level tests were done in cycle base that will be
reviewed in Chapter 4. Before going to change in design, current and alternative
supplier’s brackets should be tested for comparison of tooling and surface finish
terms.
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4. INITIAL EXPERIMENTAL STUDIES

For the experimental studies Ford design verification checklist was reviewed that
includes testing to be done that represent worst-case real life conditions. As in the
checklist, vehicle level durability test for typical usage, driveline impact test for

misusage, component level abuse and static tensile tests were done.

4.1 Vehicle Level Durability Test

The purpose of this test is to validate the strength, durability and functionality of all
components of the vehicle over 240,000 km or 1 life - drive train, components of all
types of light trucks, including, but not limited to rear axle, drive shaft (prop shaft),
gearbox, clutch and engine mount system. Vehicle durability test includes typical
driving condition and misusage is not included. All components that complete this
test without failure are considered to be durable. For a good evaluation, it is

mandatory that this procedure is executed as accurately as possible.

Only alternative supplier’s prototype was sent to Lommel Proving Ground as current
production part has already sign-off with durability test. Tested part photographs are

shown in Figure 4.1.
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Figure 4.1 : Alternative supplier’s TRR bracket prototype after vehicle level
durability test, in different view.

4.2 Driveline Impact & Snap Start Test

The purpose of this test is to determine the durability and proper functioning of
passenger car and light truck driveline components in the case of abrupt clutch

engagement.

For FWD vebhicles the Driveline Impact Test was performed a total of 90 impacts in

the sequence below:

e Driveline Impact Forward Starts in 1st gear: Conduct a specified number of
forward starts in 1st gear; while vehicle in rest, released brakes, 1st gear
selected, and clutch disengaged. Accelerate engine to specified rpm, slip foot
sideways from clutch pedal, keep throttle-pedal in constant position after

engaging clutch, drive an 8" figure (to bring diff-gears to a new position).
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e Driveline Impact Forward Stops in 1st gear: Conduct a specified number of
stops in 1st gear; Accelerate vehicle in first gear up to specified rpm,
disengage clutch and let vehicle roll until engine speed is down to specified
rpm, slip foot sideways from clutch pedal, drive an "8" figure (to bring diff. —

gears to a new position).
e Conduct a specified number of Driveline Impact Forward Starts in 1st gear
e Conduct a specified number of Driveline Impact Forward Stops in 1st gear
e Conduct a specified number of Impact Forward Starts in 1st gear
e Conduct a specified number of Impact Forward Stops in 1st gear

e Driveline Impact Test (reverse): Conduct a specified number of Driveline
Impact Reverse Starts; while vehicle in rest, released brakes, reverse gear
selected and clutch disengaged, accelerate engine to determined rpm, slip foot
sideways from clutch pedal, keep throttle-pedal in constant position after
engaging clutch (sandbag under pedal), drive an "8" figure (to bring diff.-

gears to a new position).

e Conduct a specified number of Driveline Impact Reverse Stops; accelerate
vehicle in rev. gear speed up to determined rpm engine speed, disengage
clutch and let vehicle roll until engine speed is down to determined rpm, slip
foot sideways from clutch pedal, drive an "8" figure (to bring diff.-gears to a

new position).

e Snap Starts: Conduct a specified number of starts in low as follows; Vehicle
stationary, released brakes, 1st gear selected, and clutch disengaged, Rev up
and hold engine speed at determined rpm, slip foot sideways from clutch
pedal, WOT immediately after clutch engagement until achieving determined

km/h, Drive an "8" figure (to bring diff.-gears to a new position).

Test was done for alternative supplier prototype part sign-off with 110PS A/C short
wheel base vehicle with 90-cycle test. As a result cracked was occurred at 64™ cycle
(in %71 of testing). For the failure location, please look at Figure 4.2.
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Figure 4.2 : Alternative supplier’s TRR bracket prototype after Driveline Impact
and Snap Start Test, in different views.

4.3 Static Tensile Test

With respect to tensile durability of TRR bracket, a series of static tensile tests were
performed on the Instron piston in Golciik Plant Test Centre (Figure 4.3). These tests
would provide a comparison of the performances of the bracket designs in terms of
tensile loading. The expected minimum load to failure is 50 kN that comes from roll

restrictor mount aluminium side design verification plan.
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Figure 4.3 : Static tensile test rig.

For the static tensile test rig and the failed parts please see Figure 4.4:

Figure 4.4 : Failed parts in static tensile test.
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Table 4.1 : Static tensile test results for all production and prototype parts

Supplier Level Failure Load  Status
Alternative old 43.11 kN Failed
Alternative old 39.69 kN Failed
Alternative Old 41.99 kN Failed
Alternative old 45.28 kN Failed

Current Old 25.76 kN Failed

Current old 37.49 kN Failed

Current old 31.86 kN Failed

Current old 31.84 kN Failed

Results show that both current and alternative supplier failed from static tensile test.
However, current supplier production tool and coarse surface finish affect the results

in a bad way.

4.4 X-Direction Abuse Test

FOE generates a low cycle fatigue load to be applied 100 times positive and negative
in vehicle x, 1000 times in y and z (for roll restrictor bracket only x-axis is
determining factor). This load is used for metal testing (CAE and rig). In the x-
direction, this is scaled from Ford Focus data collected from abusive wheel stick-slip
and clutch side-step events to represent the worst-case powertrain induced loads.
There are three vehicle durability-test-cycles, all essentially customer correlated for
95th percentile customers of cars, vans and light trucks.

The P/T Mount Abuse and Peak Durability (100 & 1000 cycle) load cases are simple
single axis sinusoidal tests which are utilised to design and prove out the strength and
durability of metallic components. Loads levels are calculated using simple scaling
equations based on torque & mass. These events should exceed the damage from any
measured data by a sufficient margin to account for vehicle to vehicle variability and

ideally negate the need for any multi-axial load cases.
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Abuse load (100 cycles) generated from an extreme event not usually part of normal
driving. Typically it relates to high torque in combination with intermittent wheel
slip.

The magnitude of this load case should be defined so that it is no lower than that
found when considering the following events from similar powertrains and mount

architectures on the same platform:
» The peak load from the combined driveline impact and stop start test
» The peak load from the entire durability route.

* The equivalent load @ 100 cycles from a fatigue reduction of the
entire durability route

«  Special events (where appropriate, e.g. off road vehicle ditch drop)

To determine whether both suppliers’ TRR bracket would perform adequately, a
series of tests were performed on the Instron cyclic test rig in Golciikk Plant Test
centre. These tests would provide a comparison of the performances of the bracket

designs in terms of low cycle fatigue under high impact load.

Four bracket were taken randomly from the assembly production line (as current
supplier production), and four prototype bracket were taken from alternative
supplier. Standard production bracket bolts were used to retain the bracket. All are
torqued to 47.5 Nm. Each bracket was then mounted on the Instron piston with a
special arm simulating roll restrictor, and subjected to a cyclic loading of +28kN
with specified frequency. The tests were suspended at 200 cycles if no failure

occurred.

Alternative and current supplier’s test results are shown in Table 4.2.
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Table 4.2 : X-direction abuse test first results for alternative supplier

Supplier Level Failure cycle  Status
Alternative Old 60 cycle Failed
Alternative Old 65 cycle Failed
Alternative Old 33 cycle Failed
Alternative Old 82 cycle Failed

Current Old 32 cycle Failed

Current Old 4 cycle Failed

Current Old 8 cycle Failed

Current Old 2 cycle Failed

One can also see the critical points of failure from the photographs as shown in

Figure 4.5 and Figure 4.6.

Figure 4.5 : Alternative supplier’s prototypes photographs taken after x direction
abuse test.
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Figure 4.6 : Current supplier’s prototypes photographs taken after x direction
abuse test.

As summary, the expected minimum life of a TRR bracket at this loading is 100
cycles. All of the brackets failed before expected minimum life. The common failure
locations are displaced in red circles. As seen on the photographs referred locations
are the common and most critical points with respect to low cycle reversal fatigue

loads.

4.5 Discussion of Initial Testing Results

As a result of comparison of two suppliers, alternative supplier production process
capability in terms of porosity and surface finish quality provide better static tensile
durability (Figure 4.7) and abuse load durability results (Figure 4.8).

However, durability improvement is provided with process improvement, it is not

enough to provide Ford TRR Bracket Engineering Specification (2004) of the
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bracket by own. For the improvement of the durability life cycle, design should be

improved in terms of geometry, additionally.

Boxplot of PROTOTYPE (old); CURRENT (old)

80 1

80 -

70 -

50 -

Cycle #

40

30 +

20 -

10 1

PROTOTYPE [old) CURRENT [ald]

Figure 4.7 : Abuse load durability comparison of alternative supplier vs. current
supplier.

Boxplot of PROTOTYPE (old); CURRENT (eld)

45 4 |

40 4 T

Load [kN]
&

30 -

PROTOTYPE [old) CURRENT [ald]

Figure 4.8 : Abuse load durability comparison of alternative supplier vs. current
supplier.

From this point forward, alternative supplier’s prototype will be taken as reference in

terms of material properties and testing samples.
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5. FINITE ELEMENT ANALYSIS OF THE TORQUE ROLL RESTRICTOR
BRACKET

As mentioned by Wilson (2004), once the loads are known then they can be applied
on bracket and the software predicts the stresses and strains around the part. These
results are then analysed to determine whether the part meets the required durability
requirements at this stage. As has been mentioned, this is a crucial area of the
modern development process; both in terms of piece cost and development time

reduction.

Although employing different software packages, the different brands use
fundamentally similar software techniques to model their components. Ford of
Europe Team analyses parts using a combination of IDEAS and NASTRAN
modelling. For Aluminium parts, Ford only uses Linear NASTRAN analysis
(although the Tier 1 suppliers to Ford of Europe use non-linear methods to deal with
the elastomeric parts and Ford uses ABAQUS for steel components). Both Volvo and
Land Rover use NASTRAN for Modal/Mobility analysis of the parts and ABAQUS
for Non-Linear stress analysis (contact analysis, bolt pre-load and friction). Land
Rover also uses MASTER SERIES for Linear analysis and Modal/Mobility analysis.
For Otosan also uses OPTISTRUCT for Engine Support Brackets.

The Ford of Europe Powertrain Mounts team has their own CAE guideline
(Farrington et al., 2003). These outline the process to be followed by the suppliers to
ensure consistent results are achieved. The guidelines start by setting out the
responsibilities of the supplier and the Ford team in the development and sign off of
the CAE of the parts (which occurs before tooling the parts). The document gives
some general guidance on modelling in addition to specific guidelines on mesh
quality to be used, representation of bolted joints, constraints and boundary
conditions, checks that should be performed both before and after analysis along with
some specific lessons learned from previous issues. In addition, stress factors are
covered in guideline to take account of non-reversible stress, non-homogeneity and

surface finish, geometry variation and FEM quality. In Chapter 2, as the background
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of the study, stress factors and formulations are covered. The CAE guidelines are
intended to be used in tandem with the P/T Mounts Design Review (2004), which
run through the durability testing process for component tests. This section covers
the modelling of aluminium TRR bracket with steel insert and checking of the FEM.
At the end of the chapter the FEA stress results will be discussed by comparison to
testing results in durability-life base.

Figure 5.1 illustrates the V227 torque roll restrictor assembly. The piece to the left
of the Figure 5.1 is the roll restrictor; a pressed steel housing, into which the large
rubber bush is fitted. On both of the large and the small rubber bush has a steel ring
around it and has a high pressure die cast aluminium core. On the right of the Figure
5.1 is the transmission bracket. This is a high-pressure die cast aluminium bracket

with a small steel insert fitted into it (where the roll restrictor is bolted to it).

47 5 +1.7 2%m Aluminum
Roll Restrictor
W710965 M10x70 Bolt
Small rubber
bush with

aluminum core

Steel insert

Aluminum
Roll Restrictor
Bracket

WT703959 M10x1,5x80 Bolt

AT541. T2 Nm

W500035 M10x1,5x35 Bokt
AT5+1.T2Nm

Figure 5.1 : Roll Restrictor Mount and Bracket Assembly.
5.1 Finite Element Model of TRR Bracket

Finite element model is built up with respect to Modelling, Analysis and Reporting
Guidelines (Farrington et al., 2003). First of all 2D tria mesh is used for aluminium
shell with 0.01mm thickness to see surface stresses, and to complete 3D tetra mesh to

create solid model.

The bracket geometry and the critical points were considered while choosing 2D

mesh element size. Firstly, there should be at least two meshing elements in a line of
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geometry width or height for healthy results. Secondly, on the critical points, stress
levels will not be changed by greater than 10 percent with using finer mesh size.
Finally, mesh size should be in optimum size to get the healthy results in a short
time. For this model 3mm mesh size was chosen as general and 1.5 mm mesh size

was chosen for critical points.

Before create tetra meshes quality index of trias, connectivity and duplicates were

checked in terms of aspect ratio, minimum and maximum of tria angles (Figure 5.2).

Elements Violating Thresholds:

aspectratio = 0(0.0%)
maxangletia= 0(0.0°%)
min angle tria = 6 (0.0 %)

Y

Figure 5.2 : Element violating threshold values.

After all 2D meshes are checked 3D tetra meshes were created with 2" order. Tetra

collapse was checked for element quality as seen on Figure 5.3 and Figure 5.4.

While creating steel bush and aluminium bracket, they were considered as belonging
to one solid part. There was no surface element between steel and aluminium fitting

faces.

Before building base model, steel insert was modelled as selected tetra meshes under
certain insert diameter and were moved into other component that created before.
The properties were assigned to components in terms of their material. For the
Aluminium bracket material properties were entered as 2.7e-6 g/mm3 as density, 70
GPa as Elastic modulus and 0.33 as poisons ratio. These values were 7.9e-6 g/mm3
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as density, 210 GPa as Elastic modulus and 0.3 as poisons ratio, for the steel insert
and bolts.

<1.00e-01
>1.00e-01
>2.10e-01
> 3.20e-01
>431e-01
>541e-01
>6.51e-01
>7.61e-01
>8.71e-01
>9.81e-01

Max = 9.81e-01
Min = 1.68e-01

X——EZ
Figure 5.3 : Tetra collapse status from Xy axes.

<1.00e-01
> 1.00e-01
>2.10e-01
> 3.20e-01
>431e-01
>5.41e-01
>B6.51e-01
>7.61e-01
>8.71e-01
>9.81e-01

Max = 9.81e-01
Min = 1.68e-01

Figure 5.4 : Tetra collapse status from zx axes.

Base model was built with bars as bolt and screws, rigid as contact surfaces of
brackets with bolt head and transmission, single point of contacts as boundary
conditions and forces that directly applied to the bracket via bolts and roll restrictor
(Figure 5.5, Figure 5.6, and Figure 5.7).

40



Figure 5.5 : Finite element model of roll restrictor bracket in yx view under
positive (red coloured) and negative (green coloured) load
conditions.

Figure 5.6 : Finite element model of roll restrictor bracket in zx view under
positive (red coloured) and negative (green coloured) load
conditions.

Figure 5.7 : Finite element model of roll restrictor bracket in xy view under
positive (red coloured) and negative (green coloured) load
conditions.
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In this study, Altair HyperWorks OPTISTRUCT tool is used to analyse the
aluminium TRR bracket. Control cards for the OPTISTRUCT linear static analyse
model were completed in Hypermesh. Two load steps were defined for negative
(green coloured) and positive (red coloured) direction loads. After control cards were
defined, model was sent to NIC (Numerically Intensive Computing) via web to run

the analysis.

5.2 First Results

After the result file was loaded, VVon-misses stresses and displacement on the bracket
were checked for confirmation of mechanism of the deformation. The critical

location is seen shown in the Figure 5.7 and Figure 5.8.

SUB2 - lineer_static
Yon Mises Stress

> 2.40e+02
< 2.40e+02
<2.10e+02
<1.80e+02
< 1.50e+02
<1.20e+02
< 9.00e+01
< 6.00e+01
< 3.00e+01
< 0.00e+00

249 MPa

Max = 4.89e+02
Min = 9.56e-02

T
0y,

2Tl avan,
OO
A e,

Figure 5.8 : Critical locations for the base design in positive linear loading.
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SUB1 - neg_lineer_static
Von Mises Stress 212 M Pa

> 2.40e+02
<2.40e+02
<2.10e+02
<1.80e+02

<150e+02
<1.20e+02
<9.00e+01
<6.00e+01
<3.00e+01
< 0.00e+00

Max = 4.86e+02
Min = 6.97e-02

LT %X

¢ e X
L PO OO A AN
AL TAVAAYATAVATS

Figure 5.9 : Critical locations for the base design in negative linear loading.

Critical locations are same in both positive and negative linear static FE analysis
results. The most critical locations are the turret radii that were also failure locations
in Drive-Line Impact Test. Other two regions are less critical but there were failures
seen in x-direction abuse test and static tensile test from that location (Figure 5.10).

<9.00e+01
< 6.00e+01
< 300e+01
<0.00e+00

Manx = 4 86e+02
Min « 697202

Figure 5.10 : Critical locations for the base design.
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For the base design model, FEA results are documented in Table 5.1, as referenced to
critical points shown in Figure 5.10.

Table 5.1 : Von Misses stress values for base design in critical locations as referred

in Figure 5.10

Von
: . . Misses
Design Location Loading Stress
[MPa]

1 Positive 249

Negative 212

5 Positive 157

Negative 142

Base . Positive 131
Negative 117

Positive 62

4 Negative 83

With respect to the FEA, under positive and negative reversible loading, the critical
points VVon Misses stress values are almost same, and have opposite sign of pressure
values. For instance, for the turret radii are under compression while applying
positive x-direction force and under tensile while applying negative x-direction force.
For the life estimation the most critical point and largest Von Misses Stresses were
used as the worst case condition. In case of positive loading, region one Von Misses
stress value was read as 249 MPa. The VVon Misses stress value and 1% testing results
in life cycle terms were located into the S/N curve (Figure 5.11). Violet coloured
values are belonging to current supplier and the red ones belonging to alternative
supplier. As seen in the Figure 5.7 current supplier testing values are more close to

the bottom line of the curves interval.
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Distribution of SN Curves for Aluminium with a UTS of between 240 MPa and 320

MPa
350
300 &2
250 NERAf o
— ™~
— =
& 200 - i
3 —
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2 150 P -
n ] [P ” e
e e
100 = S=an
S ———
50
0
1,00E+00 1,00E+01 1,00E+02 1,00E+03 100E+04 1,00E+05 1,00E+06 1,00E+07
Life (Cycles)

Figure 5.11 : First testing results and FEA stress results correlation on S/N
curve for current supplier (violet coloured) and alternative supplier
(red coloured).

As a result, all data seen are between curves and that refers to built FEM could be
used in improvement study. After improvement takes place, all FEA results will be
compared to testing results again and FEM model will be correlated totally with x-
direction abuse testing.

5.3 TRR Bracket Design Improvement Study

To improve the critical locations’ durability life, three alternative solutions were also
analysed in Altair OPTISTRUCT. Alternative solutions were presented as gradually
increasing radii or thickness of the ties in the critical locations (Figure 5.8). For the

alternative solutions, same FEA procedures were followed, and same FEM was used.
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188 MPa

Max = 3.88e+02
Min = 6.93e-14

-

Figure 5.14 : Results of Option2 positive loading condition.
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167 MPa

Max = 4.71e+02
Min =550e-14

181 MPa

Max = 4.48e+02
Min = 451e-02

158 MPa

Figure 5.17 : Results of Option3 negative loading condition.

After FEA the stress levels are compared in terms of critical location stress level
(seen in Figure 5.12 to Figure 5.17). Increasing radii decreased the regions 2 and 3
stress values significantly. However the region 1 stress value was still not enough to
continue (Figure 5.12, Figure 5.13). After increasing radii, thicknesses and heights of
ties were also increased additionally in 2™ Option. This design solution decreased
region 1 and 4 stress values significantly. However, Von Misses values were
increased in regions 2 and 3 (Figure 5.14, Figure 5.15). The 3 option was presented

as both thickness and radii increasing but no wall height increasing. This design
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solution gave the best results (Figure 5.16, Figure 5.17) in all critical points as
referred in Figure 5.10 (see Table 5.2 for results).

Table 5.2 : Von Misses stress values for alternative designs in critical locations as
referred in Figure 5.10

Von Misses Stress [MPa]

. ) Loadi _ ) .
ocation oading Option 1 Option 2 Option 3

1 pos 216 179 181
neg 188 167 158
5 pos 138 146 121
neg 128 143 114
3 pos 105 127 106
neg 92 119 95
pos 43 23 38
4 neg 64 46 59

5.4 Results with design improvement

Optimisation was completed in three numbers of alternative solutions. According to
the result after presenting design solutions, selected final shape is Option3 (Figure
5.18). There was %9 weight increasing with this design improvement. NVH is not a
critical issue in such a weight increasing, and extra modal analysis is not required for

this model.

Figure 5.18 : Selected final design after geometry improvement.

New design critical location’s maximum stress value was decreased to 181 MPa.
From the S/N curve, it directs that the durability life should be about 200 - 2000
cycles in reversal loading condition. The next step is to confirm the results and

correlate the model after re-performing x-direction abuse testing.
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6. REPEATED COMPONENT LEVEL ABUSE & TENSILE TESTS

6.1 Static Tensile Test

With respect to tensile durability of TRR bracket for improved design, a static tensile
testing was re-performed with five prototypes with same procedure in Golciik Plant
Test Centre. These tests would provide a comparison of the performances of the
bracket geometry design in terms of tensile loading. The expected minimum load to
failure is 50 kKN. As a result, alternative supplier’s all prototypes were passed from
static tensile loading according to Ford TRR Bracket Engineering Specification

(2004). Please see table for results.

Table 6.1 : Static tensile test results for all production and prototype parts

Supplier Level Failure Load  Status
Alternative Final 50.53 kN Passed
Alternative Final 54.33 kN Passed
Alternative Final 55.64 kN Passed
Alternative Final 57.03 kN Passed

. . Passed
Alternative Final 47.56 kN (-9%5)

For the failure location please see Figure 6.1.
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Figure 6.1 : Alternative supplier’s improved design prototypes photographs after
static tensile testing.

6.2 X-Direction Abuse Test

To determine whether alternative supplier’s TRR bracket would perform adequately
after geometry improvement on CAE, x-direction abuse testing were re-performed
with the same procedure in Golciik Plant Test Centre. These tests would provide a
comparison of the performances of the bracket geometries in terms of low cycle

fatigue under high impact load.

Four prototype brackets were taken from alternative supplier. The tests were
suspended at 2000 cycles if no failure occurred or could be suspended manually in

case of any unexpected condition happening.

As a result, all alternative supplier prototypes were passed the testing. The failure

region was same with FEA result (Figure 6.2).
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SUB2 - casel_pos

181 MPa

Yon Mises Stress

> 2.00e+02
< 2.00e+02

<1.75e+02
<1.50e+02
<1.25e+02
< 1.00e+02

< 7.50e+01
< 5.00e+01
< 2.50e+01
< 0.00e+00

Max = 4.80e+02
Min = 6.73e-02

Figure 6.2 : Improved design prototype crack after repeated x-direction abuse
testing.

The alternative supplier’s test results are shown in Table 6.2.

Table 6.2 : X-direction abuse testing results for all production and prototype parts

Supplier Level Failure cycle  Status
Alternative Final 195 cycle Passed
Alternative Final 203 cycle Passed
Alternative Final 250 cycle Passed
Alternative Final 272 cycle Passed

6.3 Discussion of the Repeated Testing

As seen in the table average of the life cycle of the parts are between 195-272 cycles.
The Von Misses stress value found from FEA was 181 MPa. After integrating the
data to SN curves (Figure 6.3) it is seen that the finite element model of the bracket

was correlated with the test results. FEA stress resuts correlation is shown on SN
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curve for alternative supplier initial x-direction abuse testing results (red colored) and

re-performed x-direction abuse testing results (cyan colored).

Distribution of SN Curves for Aluminium with a UTS of between 240 MPa and 320

MPa
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Figure 6.3 : Repeated testing resuts and FEA stress resuts correlation on S/N

curve for alternative supplier first results (red colored) and re-
performed test results (cyan colored).

Moreover, in terms of tensile load durability, 27 percentage of improvement was

seen due to the geometry optimization (Figure 6.4 and Figure 6.5).

1

Cycle #

1

200 4

Boxplot of PROTOTYPE (new); PROTOTYPE (old)

50 | \.

00 |

PROTOTYPE [new) PROTOTYPE [old)

Figure 6.4 :

Box plot of the x-direction abuse load testing results comparison of
alternative supplier parts before and after geometry improvement.
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Boxplot of PROTOTYPE (new); PROTOTYPE (old)

Load [kN]

44 |

42

40 T

PROTOTYPE [new] PROTOTYPE [old)

Figure 6.5 : Box plot of the static tensile testing results comparison of alternative
supplier parts before and after geometry improvement.

As referenced to the results Driveline Impact & Snap Start Testing as a vehicle level

testing was skipped to gain time and money.
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7. NEXT STEPS OF THE STUDY

In this chapter, Altair OptiStruct Topology Optimisation tool is used as a weight
reduction optimisation with the correlated model is performed without performing
any vehicle level testing. Only cheap rig testing with less number of samples are

enough to sign-off the parts in a short time interval for implementation as a next step.

It is a high risk to optimize a part without understanding the system in detail (loads,
boundary conditions and targets). Topology optimization gives a design proposal
which has to be transferred into a feasible design with respect to die-cast process
using topology optimization systematically for all castings requires efficient
simulation process and data management. Advantages using topology optimization
systematically are averaged weight reduction of 15% compared to non-optimized
parts, prediction whether part requirements can be achieved before design process in
CAD-system is initiated, and reduction of development time by releasing die-cast
tools based on simulation results as Hougardy (2009) mentioned in 3rd European

HyperWorks Technology Conference.

7.1 Topology Optimisation Model and Results

For the bracket meshing, constraint and forces definitions, and all procedures are
same for the FE modelling that was built the previous section and was correlated

with testing results.

The optimisation design volume (Figure 7.1) was assigned with aluminium
properties. Selected design variable constraint with displacement level of the force
application point. The upper bound did have the same value with the final design
solution displacement value (0.02mm). For the manufacturing capability to produce
the final solution, draw direction and non-design volume as an obstacle were
selected. There was volume response for the model to define design volume.

Constraint was bounded with volume response with minimum displacement value.
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D:doptistructffinal_1st_optffinal_1st_opt.fem

Result : D:hvoptistructyfinal_1st_opti\final_1st_opt_des h3d
Design : lteration 0

Frame 1

Figure 7.1 : Optimisation design (violet coloured) and non-design (yellow
coloured) areas.

For the analyse output, stress and strain card are selected. Before the model was sent
to analyse, optistruct checking module was used to see whether there is any problem
with model or assigned parameters. After all checking are completed, analyse was

completed with 11™ number of iterations (Figure 7.2).

D:/optistruct/final_1st_opt/final_1st_opt.fem

Result : D:voptistructifinal_1st_optifinal_1st_opt_des.h3d
Design : Iteration 11

Frame 12

Figure 7.2 : Design solution of OPTISTRUCT after 11th number of iterations.
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This design is still in concept phase and should be improved according to roughness
and looking respect. A new design (Figure 7.3 and Figure 7.4) that will be able to

manufacturing should be still in the safe side according to the Von Misses stresses.

T

SUB2 - casel_pos
Yon Mises Stress

181 MPa

> 2.00e+02
< 2.00e+02
<1.75e+02
<1.50e+02
<1.25e+02
< 1.00e+02
< 7.50e+01
<5.00e+01
< 2.50e+01
< 0.00e+00

Max = 4.61e+02
Min = 2.09e-14

SUB3 - casel_neg

Von Mises Stress

157 MPa

> 2.00e+02
< 2.00e+02
<1.75e+02
<1.50e+02
<1.26e+02
<1.00e+02
< 7.50e+01
< 5.00e+01
< 2.50e+01
< 0.00e+00

Max = 5.63e+02
Min = 8.67e-12

Figure 7.4 : Optimised bracket stress levels in negative loading condition.
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The same procedure was followed while performing FEA to optimised bracket. All
force and boundary conditions are same. For the FEA results please see Table 7.1.

Table 7.1 : Von Misses stress values for optimised design in critical locations as
referred in Figure 5.10

Von Misses Stress

. . MPa
Location  Loading Optimise[d I]mproved
Design Design
Positive 181 181
Negative 157 158
Positive 120 121
Negative 112 114
Positive 107 106
Negative 96 95
Positive 37 38
Negative 60 59

By optimizing, 10 % weight reduction would be provided with the same Von Misses
stress values. All testing expenses, material cost and engineering time consumption
were decreased by this study.
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8. SUMMARY AND CONCLUSION

As a summary, TRR bracket failures, main reasons of failure modes were

investigated and problem was solved by improving TRR bracket design.

Before start investigation of failure modes, TRR bracket design or process history
and warranty data reviewed to understand failure mode well. In this manner the first
important data was the failures were focused on low mileage that refers generally the

impact load failures.

As defining the failure modes; Assembly line process, current production parts and
alternative suppliers’ prototypes material and geometry of the bracket were reviewed.
In assembly line process, bolt torque process capability was investigated and studied

by the help of Weilbull diagrams that show no problem with line process.

To eliminate the effects of material properties, chemical composition, and hardness

analysis have done for each supplier. All material properties were in specifications.

To eliminate manufacturing process porosity analysis were conducted. For the
alternative supplier Level 1 and Level 2 referenced to ASME 505 specifications were
satisfied. Although the current supplier was signed off before, the porosity was

detected while conducting testing. This was resulted with worse testing results.

To simulate the real road condition of the vehicle, vehicle durability test, driveline
impact test and comparison oriented abuse & static tests are performed with the new
supplier TRR bracket designs. As seen Xx-direction abuse test (component level) is
correlated with Driveline Impact & Snap Start Testing, FEM was built referenced to
x-direction abuse testing. According to the testing results and FEA, modifications on
increasing radii & thickness of supports were studied as the proposals for
improvement. Several Finite Element Analyses were performed for each proposal.
The results of the analyses were compared with the vehicle and component test
results, which were performed during TRR bracket improvement studies. Thanks to
improvement study, Ford TRR Bracket Engineering Specification (2004) was

achieved and 27 percent of improvement was achieved in tensile loading.
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In addition to design improvement of the TRR bracket, weight optimization was
performed with correlated FEM, as a next step of the study. All testing expenses,

material cost and engineering time consumption were decreased significantly.
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Table A.2 : Mechanical properties of EN AC-46000 and EN AC- 46200 in British
Standard EN 1706:1998

STD.BSI BY EN 1L70b-ENGL 1994

M 1L246b9 0712506 04T MM

Copyright by the British $tandards Institution
Mon Mar 01 13:12:07 2004
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Page 11
EN 1706:1998
Table A.1 — Mechanical properties of pressure die cast alloys (see 6.3.2.5) o
Alloy dresignation ! Temper Tenalle Proaf Elomgation, Brinell
1 . SIPenGTth SITEas hardness
Alloy Nemerieat Chemteal symnbols iDestgnation r, LA Arrgna ARA
groap MFa MFa %
! Tl Win. mdr. Tkt
AISilOMg & EN AC43400 | EN AC-Al Sil0Mg(Te) [T 240 L1440 1 7l
ASi EN AC300 | EN AC-Al Si1&(Fc) 'F HLET] Lt 1 &l
| ENAC4H00 |ENACAIS®  F 2 EIRE 5
AISICn | EN ACH6000 | EN AC-Al S8Cu3(Fe) | F 240 140 Py R
| EN ACA6100 | EN AC-Al SILICuZ(Fe) | F | 240 140 <1 s |
EN AC-4520() | EX AC-Al Si8Cui |F 240 140 K 80
PN ACSAS0N | BN AC-Al SOCu3(Fe)(In] | F 240) 140 1 -1 &0 ~
AISICCu) | BN ACHTION | EN AC-Al 8i12Cu1(Fe) | F 240 140 1 70
AlMg EN AC-S1200 | EN AC-Al M0 F 0 130 1 0
1 Mams® = 1 MPa L
Eg S



APPENDIX B

FARGAADI TRANS ERKT-ROLL RESTRICTOR PARGA NO <GPS
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Figure B.1 : Chemical and mechanical properties testing results of production
parts (EN AC-46200).
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Figure B.2 : Chemical and mechanical properties testing results of prototype

parts (EN AC-46000).
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