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ABSTRACT

In the wake of stricter exhaust gas regulationsnfitbe European Union, the automotive
industry leads to the electrification of cars.

For a component supplier such as Miba Sinter Aai&mbH, this change is interesting because
sintering technology can be used to produce newpooents for these electrified drive trains.
In the course of this master thesis, various hyland electrified drive concepts has been
analyzed according to the criteria of the use dfliach and the feasibility of sintering
production. Clutches offer potential for powder alleirgic technology.

The results are components adapted to the powdelangic production and subjected to a
finite element method calculation.

A chain wheel has been selected as the componéntive highest potential. The verification
of the part requires an endurance test with higiue.

Such a test bed is not yet available at Miba, &edefore a concept has to be developed and
selected according to internal criteria.

A test bench has been designed, which requiresaexmnsiderations. A proposal to carry out

the test is suggested.
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KURZFASSUNG

Im Zuge strengerer Abgasrestriktionen der Europé@iscJnion, geht in der Automobilindustrie
der Trend in Richtung elektrifizierten Antrieb.

Fur einen Komponentenlieferanten, wie die Firma aMiBinter Austria GmbH, ist dieser
Wandel interessant, da mithilfe der Sintertechnielogeue Komponenten fur elektrifizierten
Antriebsstrange produziert werden konnen.

Im Zuge dieser Masterarbeit wurden verschiedene ritlyb sowie elektrifizierte
Antriebskonzepte analysiert und nach dem Kriterdean Verwendung einer Kupplung sowie
nach der Moglichkeit der sintertechnischen Fertgganalysiert. Die Kupplungen bieten hier
Potentiale fur die Sintertechnik.

Das Ergebnis ist die Auflistung von Bauteilen, vild@n die PM Fertigung angepasst wurden
und wahlweise einer FEM-Berechnung unterzogen wurde

Ein Kettenrad wurde als Bauteil mit héchstem Paaéffiir die Sintertechnik ausgewahlt. Die
Verifizierung des Bauteils verlangt nach einer D&udprifung mit hohen Momenten.
Da im Hause Miba noch kein vergleichbarer Prifstamdhanden ist, wurde im Zuge dieser
Masterarbeit ein Prifstandskonzept nach innerliicleen Kriterien entwickelt.

Zur Prifung des Kettenrades ist ein Priufstand komest worden, welcher zahlreicher
Uberlegungen bedarf und es wird bis hin zum Voesghtur Durchfiihrung der Versuche

eingegangen.
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1 INTRODUCTION

The change in the automotive industry towards @dtieve drives opens the possibility for
component manufacturers to produce componentshéoelectrified drivetrain. Miba Sinter

Austria GmbH works in the powder metallurgic busmend provides parts for cars. This
change offers the option to create components dparstandard portfolio. The increasing
production volume of hybrid and electric cars wilake a PM production economic.

The object is to scan all these new drive traind igentify possible parts for the sintering

technology and finally evaluate one of these parts.
1.1 INITIAL SITUATION

Miba has already carried out tests on alternatixeed and purchased components for a precise
analysis. The company has in-house expertise targig technology and a wide range of test
benches for testing common sintered componentsserlbest benches aim to verify the

calculations and provide the testing option ofitikemponents.
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1.2 TASK DEFINITION

The initial task definition of the Master thesi®gtentials of PM technology in clutch systems

in the subsystem of the electrified drive train$lmeen:

* Overview about electrified drive concepts (Hybedxles, transmission, DHT, All

wheel connections, ...)
o What are the requirements and functions of theeeaton and clutch systems?

o Advantages and disadvantages of different Systeratallation space, number
of components, complexity of the components, ....)
* Feasibility study
o For which parts of clutches exists a potentialgfowder metallurgic
technology (PM restrictions, geometry, height, nemtf plains, ...)?
o What are the requirements with respect to preciaimhstrength of the parts (if
possible)?
o Which geometrical adaptations of the componentsmacessary to be able to
be represented in PM technology?
* Production of prototypes
o ldentification of a clutch component, which is abie for PM technology
0 Support in the component calculation
0 Support in the prototype manufacturing
» Validation of the component
o Conception of a test bench (dynamic tests)
o Definition of a test procedure
o |If possible, execution and analysis of componesttda prototype base

Institut fir Maschinenelemente und Entwicklungdmetk 10



1.3 TIME SCHEDULE

timetable Master Thesis

Actual KW 1 28.03.2019 duration B acwal start Il % completed | -
actual( divergent the plan) [ % completed( divergent the plan)
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°
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z
B
i
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&
s
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2
&
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M
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Q.
£ i § 100%
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@ . ” I
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presentation 8 1 14 1

Figure 1: Timetable of the Master thesis



1.4 SHORTCUTS

PM-> Powder metallurgic

ICE-> Internal combustion engine
EM-> Electric machine
DHT->Dedicated hybrid transmission
AWD ->All-wheel drive

CV shaft> Constant velocity shaft

2M-concep® two machines concept

1.5 SymMBOLS
Description Unit
Variable

M Torque Nm
Ip Polar moment of inertia mn
7 Angle rad
G Shear modulus N/mfn
) Angular velocity rad/s
D Diameter mm
n Rotational speed rpm
S Deflection angle °
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2 BASICS IN ELECTRIFICATED DRIVE TRAINS

2.1 THE HYBRID CAR

The aim of using a hybrid system is the preventbO; -emissions. There are some aims,

which require some specifications for the hybridteyn:

Light weight
construction

N

Adaptability
to existent
solutions

Reliability

-

High
performance

Figure 2: Aims and requirements [1]

All these requirements are needed to supply thewisie an affordable hybrid car, without loss
of functionality and comfort compared to a convendl ICE. The legislation for the fleet

average of a brand is shown in the Figure 3.

Fleet emission aims

130
95
80,75
I 59’4

European Union

fleet emissions in gCO2/km
N B [<2) o] S e =

o

m2015 m2020/2021 ®W2025 m 2030

Figure 3: Fleet emission aims [2] [3]
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According to the CO2 emissions of a car, theseatahs are not reachable with conventual
combustion engines. The solution to this problethéselectrification of the drive train. There
are the options of fully electric vehicles and hghrehicles. In hybrid systems two drive units
are needed, an ICE and an EM with the battery. [Elaids to a heavier drive train. Thus, there
is a need to combine the advantages of both dvivtesa storage unit to create a successful
concept. The focus is about the usage of the Phhtdogy in these drives, but therefore it is
important to know where a clutch could be impleradnand, which functionality could be
integrated. Therefore, hybrid cars are classifembeding to the two following ideas: [4]

* The architecture of the drivetrain

* The degree of electrification
2.1.1 Classification of the architecture of hybrid drive trains

There is the opportunity to differentiate a hykdiive train in three ways. First of all, there is
the opportunity to distinguish the structure of tmenbination for ICE and electric engine in

the following three types. [4]

»  Serial hybrid drive train
» Parallel hybrid drive train

* Power differentiating and combined hybrid drivarisa
2.1.1.1The serial hybrid drive train

The serial hybrid uses the ICE for generating tleetec energy, which can be stored in

batteries. Further on this electricity suppliesEhé to propel the wheels.

Battery ?
i | ' |

ik

1

Converter | Differential

4 ¢

Figure 4: Serial hybrid drive train [5]

The big advantage of this system is the fact tai€CE works in the most efficient point of the
engine characteristic. Using the engine at thenmgtioperation point saves fuel, but the
conversion of rotational energy to electric enertpge saving in chemical energy and the
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conversion backward have several losses. Thisiptencan operate more efficient than a direct
connected ICE. Suboptimal configurations are ofteed in reality due to costs. A conventual
engine can be adapted with a generator to use gefgal operation, but the engine is mostly
not designed for this operation mode. Neverthel#ss, concept is interesting for electric
vehicles cars with a range extender, like the BMBNVThere is a twin cylinder engine of a

motorcycle implemented. [4]
2.1.1.2The parallel hybrid drive train

In the parallel drive train, the ICE and the EM Wweeparately to propel the wheels. There are
several options of parallel configurations whicle aamed between PO until P4. They are
differed by the position of the EM.

HE Differential

Battery

= =
T Converter |- EM
£

—)

Figure 5: Parallel hybrid drive train [5]

PO configuration

The PO configuration has the EM at the front-entkasory drive of the ICE. It means the EM

is connected with a pulley to the ICE. The EM itenfalso called belly starter/generator.

Battery \

Differential

s

EM ICE Clutch

Figure 6: PO configuration [6]
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In this application, an EM with no freewheel optisrused. Hence the electric machine can be
used to propel and to generate. There is no digmiom from the belt. This configuration has

no need for a disconnection clutch.

P1 configuration

This combination shows the EM in between the cligod the ICE. Both are continuously

connected together. This configuration doesn’t reeellitch for disconnection.

000
000

ICE EM Clutch

gearbox Differential

Figure 7: P1 configuration [6]

P2 configuration

Here, the EM is located between the clutch andy#sbox. The advantage is the fact that the
option of disconnection of the ICE from the restiué drivetrain is possible. That means no
losses of the ICE occur, when the car is justriglbr just propelled with the EM. A sole driving

with EM is possible.

O O O gearbox Differential
Q00O

ICE Clutch EM

Figure 8: P2 configuration [6]
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P3 configuration

In this configuration the EM is positioned betweébka differential and the gearbox.

Differential

Figure 9: P3 configuration [6]

P4 configuration

Differential

Figure 10: P4 configuration [6]

In this topology, the combustion engine propels arke of the car. The other axle isn't

mechanically connected with a shaft to the ICE. EMedrives the other axis of the vehicle.
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2.1.1.3Power differentiating and combined hybrid drive trains

Power differentiating and combined hybrid driveirtsause dedicated hybrid transmission

(DHT) and they are divided in two main types:

* Power split — DHT
e Multimode — DHT

Power split DHT

The Power split DHT concept consist of a power gdmaission with an electrical and a

mechanical power path. A planetary gear set iptiveer distribution component. This concept
offers the possibility to drive fully electrical dmn a combination of the ICE and the EM.

The structure of a Power split DHT is shown in Fegil. The main components are an ICE,
two EM and the planetary gear set, but there ise®d of a clutch. [1]

Gearbox
Il

Electric
machine2

Bat

¥

Inverter

1

Figure 11: DHT-Power split components [1]

Electric machine 1

The Table 1 shows the main operation modes ofpibnger split DHT. A control unit decides
which combination of the drives is the best sugdbl the current situation.

ICE EM1 EM2
Normal drive Drive
Slow acceleration/Start Stop/ slow driving Drive
Fast acceleration Drive Drive
Charging Drive Generate
Recuperation Generate

Table 1: Operation modes of a power split DHT [7]
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Multimode DHT

This concept relies on the possibility to changevkeen different operation modes of a gear
box. A parallel, a serial mode and a pure electride is possible with this system.

The wheels are driven by an electric motor, an ¢€h combination of both. The ICE drives
a generator and can be connected with a clutdietavheels. The operating mode differs from
the speed of the car, because there is no posstiilshift the gears. Figure 12 shows a GKN
DHT-Multimode gearbox, which is already used in khiésubishi Outlander PHEV.

Generator e £

5 |
=3 Engine
Hydraulic o 2 :
Control Unit L -
y‘{:' I.i"—" '.‘ ;‘
e I S
et 4
£ el {
1{%’. i ]_l
: ?;:,'j Differential
Hydraulic DRSS 18,
Clutch ok <4 /\"
j [ » Parklock Gear
o — .
“wm '
1 -l
eMotor I ]

Figure 12: DHT-Multimode gearbox of GKN [8]

EM ICE Driving situation
Operation mode
Pure electric vehicle | Drive Not used City
Serial hybrid Drive Propel the GeneratorAcceleration / Uphill
Parallel hybrid Drive Drive + Power Highway
generation

Table 2: Different operation modes according todhieing situation [8]

Institut fir Maschinenelemente und Entwicklungdmetk 19



2 Basics in electrificated drive trains Master Thesis

2.2 THE ELECTRIC VEHICLE

The electric vehicle is equipped with one or mdexteic machines and the corresponding
power electronics and batteries. There are seeeralepts of electric cars, and the difference

here is the quantity of EM and their position ie ttar body.
2.2.1 In wheel EM

The EM and the electronics are placed behind theeWhm. Therefore, the unsprung mass
increase and the so the damper spring constellaéisrio be changed. The installation space is
here the criteria for dimensioning an EM. Often wieeel hub integrated the EM, brakes and
the bearing in one part. There is usually a wabeliog system integrated for the transmission
of the heat. The power supply is coming from thiéedog package which is mounted in the car
chassis floor. Here is no need for a clutch, bez#ws electric machine is directly mounted on
the wheel rim. Hence, this kind of EV drive tragrio subject of investigation in this thesis

anymore. [9]
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2.2.2 eAxle

The eAxle is positioned at the front or the rear ¢hr. It is operating with just one EM for two
propelled wheels, placed in between them. Basictilly electric machine drives the axle, but
nowadays functions can be integrated in an eARelowing different components can be part

of such an eAxle:

* Reduction gears

» Differential

» Park locks

» Disconnect clutches

* Power electronics

Figure 13: eAxle made by GKN [10]

These eAxles are also found in the P4 configuradi®an All-Wheel-Drive, like in the Volvo
XC90.
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2.3 FUNCTIONALITY OF THE HYBRID AND ELECTRICAL SYSTEMS

Parallel Serial DHT EV
Start/Stop dependent yes yes no need
Boost yes yes yes no need
Recuperation yes yes yes yes
Load point shifting dependent yes yes no need
Electric driving dependent yes yes yes
sailing dependent yes yes yes
4WD operation | dependent possible no dependent

Figure 14: Hybrid and EV functions [4]

The following functions can be available with aacttified drive train.

Start stop function

Prerequisites is the EM instead of the conventwahhination independent starter and
generator. The advantage of an EM is a higher pawdrcan accelerate the ICE faster than a
pinion starter, which is just able to start the 1QH of the still stand. The e-machine provide
more power to start the ICE and can accelerate higher rotational speeds which allows a

higher output after starting the engine. [4]

Boost of the engine in low rotational speeds

Due to the fact that the ICE has low torque atdotational speeds, the electric engine supports
the drive train with additional power. This suppaltows a faster dynamic response at low

rotational speeds and improve the driving perforceant the vehicle. [4]

Recuperation

The use of EMs allows one to use this part folggreeration of energy in delay processes. This
recuperation should feed the batteries with poweldter use in the electric engine. In case of
emergency brakes, there are big delays up to 10This means significant electric machines

(+200 kW) would be needed, so the field of recupenais just interesting for slow delay

processes, where more energy can be generatedal $1]
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Load point shifting

This concept is interesting for the slow constaesl of a car, like in a city with speed limits
of 30 or 50 km/h. The maximal power output of ai € several times higher than the actually
needed power. If the ICE operates on low load gothe efficiency is low. If the engine is used
in a higher operation point, the energy can belypadnverted to direct current and saved in
batteries to reuse the electricity again. The Kafting is useful if the increase in efficiency of
the ICE is higher than the sum of the losses, whrehoccurring due to the storage and reuse

process. [4]

Electric driving

Electric driving is relevant for constant slow speecording to the low energy consumption.
For a middle-class vehicle at a speed of 30 kmihersergy consumption of 2 kW and for a
speed of 50 km/h, 4 kW are required. Acceleratiocaos needs a higher amount of power and

further on more powerful EM and batteries. [4]

AWD drive with an Electric engine:

The realization of an AWD is quite easy in the egufation of an ICE driven axis on the front
axis. On the rear axis there is an electric engitiéch intervene in the case of an traction issue.
A cost advantage of this system is the loss ofcdrdan shaft and the middle differential. A
disadvantage is the fact that the recuperatiohetar happens over the rear wheels. With the
switch from ICE mode to electric mode, there isvéch between the driven axels as well and

it changes the driving characteristics of the 4r.
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2.4 THE CLUTCH

The focus of investigation lies on the componertigctvare added due to electrification. That
means conventual components are not parts of anaksrthermore, switchable clutches in

the automotive industry are objects of investigatio

electrificated
drive train

compontents conventual

due to components of
electrification drive train

electric machine

interlocking
clutches

forcelocking
clutches

PO-P4 EV DHT-Powersplit DHT-Multimode

Figure 15: Overview of the types of clutches
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2.4.1 Diversification of the clutch in following parts.

The clutch as an object is divided in these maispdhe following parts are object of the

investigations to identify possible PM parts.

Type of clutch

Friction parts/force
transforming parts

Actuations force
parts

Reset of the clutch

Controlling unit

Actuation

g U
/ \
[

Figure 16: Main parts of a clutch

2.4.2 Types of clutches
The clutches are differed in the two ways of faremsformation types.
2.4.2.1Friction clutches

The first type uses friction discs to transfer targpver the clutch. This clutch connects two
parts with different rotational speeds until the@locity is equal or it is just used for the

connection between both components.

The principle behind the force transmission is Ham®a package of friction disc and the steel
discs, which are arranged alternately, but at leastfriction and one steel disc. Thus, every
contact surface to each other produces a frictrea.df there is contact between the friction
plates a force in the tangential direction occusich allows transferring torsional moments

over the clutch. Increasing friction pairs offetransfer of higher torque.
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Another application of a friction clutch is the ¢am of the transferring torques through the
clutch. The function is similar. Both clutches donéed to reach the same speed. Different
speeds of friction and steel discs are possible.aXmal actuation force controls the transferred

torque.

g

421425

Figure 17: Exploded view of a friction clutch of BMW GS [11]
2.4.2.2Interlocking clutches
These clutches are made to connect two parts afaime speed and enable a rigid connection.

The forces are transferred due to an interactideath or other geometrical shapes.

There are just two possibilities:

« Connection

+ Disconnection
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2.5 THE POWDER METALLURGIC TECHNOLOGY

The powder metallurgic technology uses fine povad@netals and this powder is formed under
high pressure to a compact part, which is alscedaireen compact. It is placed in a sinter

furnace with a temperature below the melting terafee.

The production process is divided in the followmgin process tasks:
* Mixing * Green machining(optional)
o0 Metal powders
0 Additives

Sintering

Sizing (optional)
= Lubricants

Secondary machining(optional)
= Alloys

Secondary finishing (optional)
» Compaction

[.., N
o i Aoy u snmet .' : i t}
o ‘ k — [ﬂ | g i

L
E
A vecognized
Tecogniz mgreen
Compacting i "1
— |

Tunllng

F)a'ml e

Figure 18: The sintering process [12]

The big advantages of sinter products are the leevgy input during the production and a final
shape close product after the sintering processtlamdoossibility of individual geometry
optimizations count to the benefits as well. A eNVH behavior count also to the advantages.
A disadvantage of this process is the quite expersinter powder and the belonging allows.
A further disadvantage is the lower strength ofrttegerial compared to conventual steel.

The relevant objectives of the thesis are theiotistins and options of the sintering process due

to the compaction.
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2.5.1 Restrictions of the powder metallurgic design

The design of parts made of metal powder followsesa restrictions and principles, which
should be kept in mind to design a part out of isavder.

2.5.1.1Equal density distribution

Density of solid steel parts is equal throughowet whole volume. In the powder metallurgy
terms, there is no possibility of equal densitytrihsition. One reason for unequal density
distribution is the fact, that the compaction foircéhe middle of the volume is reduced through
the friction force in the middle of the volume. $lHriction force depends on the height of the
part. A so-called neutral zone can be created enntiddle of the volume, where a smaller
density occurs. Several other criteria like shatges, different height at one stamp can occur
an unequal density distribution.

A difference in the density can produce distortthuring the heating in the furnace and the
subsequent cooling down time. An additional handgrprocess can cause disorientation as
well. The aim is to reach an almost equal densgiridution for high dimensional stability.

The density of the parts and the strength of theena are directly in relation. Therefore, a
high density and equal distribution is the aim.

2.5.1.2The projected area of the part

The projected area of a part is restricted dudéar¢ason, that the compaction of the powder
needs a certain pressure on the surface of theaximg element. This area is limited due to
the pressure force of the presses.

The realization of high-density parts and the calied parts needs even higher press force on
the component. This area depends on the materalprocess and the type of press. A rough

estimation of the force per square centimeter agswshin the table underneath.

N/cm?
Compaction pressure | 50000 - 60000
Sizing pressure 60000 - 70000

Table 3: Needed compaction and sizing pressure
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2.5.1.3Number of plains on the part

The geometry of PM parts is limited with the fuocility of the presses. In detail, every plain
on the part needs one punch, thus the number iofspdathogonal to the compaction direction
is limited. In case of the regarding Master The#ig limitation is set by 4 upper and lower

punches. There is an exclusion of this restrickosrhigh differences of one punch up to 2 mm.
2.5.1.4Tightness against liquids

Powder metallurgic technology causes a porous tsheic which can be detected by
microscopes and this results in the fact that seed part without additional treatment is not
able to seal liquids. The issue is the porous siract the sealing surface. A densification of

the sealing surface or a steam treatment makeethparts useful for sealing tasks.
2.5.1.5Minimal wall thickness of one punch

The force on the surface area is high and transdnitirough stamps. The fact that these punches
need stability against buckling restrains the madithickness to 3 mm.
Another aspect for thicker walls is the fact tHa tadial forces during the compaction cycle

are quite high and these forces can displace thetpsiightly.
2.5.1.6Height limitation

The input height of the belt furnace in Miba Simderstria GmbH is limited to 60 mm.
60

Figure 19: Restriction in the height of sinter caments
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2.5.2 Limited length due to the calibration process

The in-tool compaction of the already sintered congnt is a common way to increase the
strength of the part. The reason for higher stiteigyan increase of the density of the part. A
density increase is possible up to about 7.4 d¢irilime mass of the components is not allowed

to increase during this process, so the partsisimithe high due to the compaction die.
2.5.2.1Limited geometry orthogonal the compaction directim

The compaction process doesn’t allow the creatiogeometry orthogonal the compaction
direction. There is no option to create holes, geso and undercuts. These geometries would

need machining.
2.5.2.2Economic Aspects of the Sinter process

The big advantage of the powder metallurgic teabgwlis the efficient production of
components with complex geometry for large quaggiwith a high repeatability accuracy.
Every part, which is made of metallurgic powderedeits tool for compaction, and this tool
can't be reused for other components and has te siaall tolerances, high surface qualities,
and high strength. These high requirements forsttaa to high cost and therefore a quantity
of at about 100 000 pieces per year is recommefaiexdficient production. A high amount of

machining makes them more and more uneconomical.
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3 SELECTION OF POSSIBLE PM PARTS

The approach is to identify possible PM parts bgmneixiing the different concepts according to
three criteria. The investigations for one appraostop if one criterion is evaluated negatively.
The aspect of the clutch means there is a clutchdrelectrified powertrain which could be
partly manufactured out of sinter.

For the selection of the part the following criteriare chosen in the cause of this Master Thesis:

* A necessity of these powertrains is to have a kltdgc the electrified power train.
* The diameter of the clutch parts is limited witlOI&m.
* The quantity must be higher than approximately D00@ieces/annual.

Additional  Size of the clutch componeni quantity

Clutch
PO -
P1 -
P2 =
P3 depending unknown unknown
P4 + + +
Serial hybrid -
DHT Power split -
DHT Multimode + + unknown
Electric Vehicle + + +

Table 4: Classification of concepts according regraents for a sinter process

Table 4 shows us the results of the different cptecd he explanation of the symbols is simple,
but every minus immediately causes the exclusiofuither investigations.

The concept of PO, P1, P2 serial hybrid, and DHWeétosplit concepts work without a
additional clutch.

The P3 configuration has the opportunity for usaangutch between EM and gearbox, but it is
not necessary. Furthermore, this drive has beerionea several times in the literature, but
the investigations have shown no integration ireasyproduction car so far. This concept won't
be examined any more in this Master thesis.

All drivetrains of PO until P3 have the option of additional AWD with an additional transfer

case, which is already state of the art.
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The P4 configuration often integrates a dog clatctisconnect the EM from the differential.
The quantity can be assumed higher than 10000@gieecause this clutch is mounted in all
twin-engine series of Volvo XC90, V90, and S90 adlvas BMW 225xe and the official
announcement is about 300000 already producedielAWD units. [13]

The DHT Multimode concept is interesting, becaussrd is a clutch unit integrated in the
gearbox with components for PM technology. The aluybt is the number of produced pieces

a year.
The dedicated hybrid transmission, the electrigateland the transfer case for an AWD of the

PO - P3 concepts are chosen for further investigati
3.1 PARTS OF THE DHT MULTIMODE CONFIGURATION

This dedicated hybrid multimode transmission isduse the Mitsubishi Outlander PHEV.
There are three different modes to change betweeglegtrical, internal combustion engine

and parallel drive. The change between them iszexhthrough a hydraulic clutch, which has

been investigated.

Generator

':—:‘Ij Engine
A (=

Hydraulic et
’

Control Unit SxpE———

_ ng 2 l,,ﬂ Differential
Hydraulic x_ﬁ—;

Clutch 2y 3
f l » Parklock Gear
eMotor = R

Figure 20: Overview of the system [8] and origiimader disc carrier (milled steel part)

Figure 20 shows an inner disc carrier which woddltypical PM - Part. On the outer diameter,
there is a toothing which could be manufacturethwie sintering process. The radial orientated
holes for the oil distribution and the wrenchesxmal direction must be either manufactured

on the green or already sintered component.

Slightly reconstructing for a sinter optimized pagsults in the design in Figure 21. This

redesign doesn’t influence the functionality of doenponent or system. The only critical aspect
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of the geometry is the smaller radius at the enti@part, which is highlighted in brown. This
smaller radius is an oil barrier, which forces dilgo flow two the radial holes.

The following figure shows geometry with an adaptior the sintering process.

Functional noses as

oil barrier

Figure 21: Original inner disc carrier (left) anadified sinter inner disc carrier (right)

A request to the transmission producer concertiagitimber of built transmissions results that
production with PM technology would not have anattage due to the high initial cost of the

tools.
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3.2 PARTS OF THE P4 CONFIGURATION

A typical parallel configuration with an ICE driva one axle and an electric machine on the
other one is used in the current AWD vehicles oMd@nd the BMW 225xe.

The cars use an electric engine, which can disadrthe electric machine if there is no need
for it. The aim is to reduce the inertia and losgedog clutch is integrated into the differential

gears.

Figure 22: Disconnecting differential (left) andddnnecting disc (right)

The disconnected disc of the dog clutch is quitentaresting component to manufacture with
powder metallurgic. The right figure below shows donstruction adapted for PM technology.
Additional wavy bumps (not shown) on the back cdaddused for a better density distribution
in the parts, they reduce the density gradienhénféet radius of the interfering teeth. A snap-
in connection is integrated in the original companand it could be manufactured in the
sintered option as well, therefore the snap-in eation has to be positioned slightly on another

position.
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e

Figure 23: Original disconnect disc (left) and #uapted PM-option (right)

Currently, this disc is a forging part and the mfiation of the power over the clutch is used to
create a FEM simulation for the first indicatioroabthe stresses.

The transmitted torque over the same disconnedigmis 2000 Nm (BMW 225xe) and 2400

Nm (Volvo XC90) [13].

The claws tolerances in shape and position areaaefed assuming a realistic contact relation
between the claws, which are not available. Thé&ainsimulation is based on optimal

interactions of the claws and the load case of BMW.

800.000
700.000
600.000

= 500.000
s 400.000
300.000
200.000
100.000
0.00000

Figure 24: FEM of the disconnect clutch for 2000 Nm
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The Finite Element solution shows quite high peatkinsion in the foot circle radius and in
the radius of the four transfer elements.

PM technology is critical here due to the resulihef max stresses, because the optimal contact
situation combined with the lower load already piblems in the area of the transition radius.
This part is discarded due to the critical stre$gesven the best interaction situation and the
lowest load, but if there would been an intensiesigih study on this part with possible changes

in the other components as well, there could bergtl for the sinter technology again.
3.3 PARTS IN AN ELECTRIC MACHINE DRIVE

The concept with an electric engine is almost simib the P4 idea. There is just no ICE
included on the other axis. A single speed geasseted in the most cases and in combination
with a double speed gearbox there is no clutchetkddue to the similarities to the P4 concept

no further investigations have been done on that.

3.4 PARTS OF THE TRANSFER CASE FORPOUNTIL P3

A current customer request has drawn the attettiohis part. The transfer case uses a clutch
for adjustment of the torque distribution betwelea front and rear axis.

Figure 25: Transfer case [14]
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A friction clutch is implementd in this transfersea This clutch part is split with a plug in

toothing into a sprocket and the outer disc carrier

Figure 26: Inner and outer disc carrier ATC 450][15

The outer disc carrier is a stamped sheet metg| Ipatrthe sprocket requires small tolerances
for the toothing of the tooth chain. The PM teclugyl is suitable for the production of an outer
toothing of the sprocket with high requirementsamcuracy and surface hardness, which is

required. In addition, the compact size fits goodthe PM technology.

3.5 CHOSEN PART AND POSSIBILITIES FOR PM TECHNOLOGY IN
THIS PART

The sprocket of the transfer case fits best aischmalyzed in detail. The outer diameter is about
95 mm and the inner one is about 50 mm. The prgjeatea is about 51 émA 500 tons press

is able to reach the needed compaction of thegvari for the calibration process.

The total height is also less than the 60mm, hénisepossible to compact and sinter this

component.
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Figure 27: Chosen sprocket for further investigatio

Figure 28: Sprocket with the highlighted plainswhdrom both sides

In Figure 28 shows the blue and yellow highlighpéadns from both sides. Each of these plains
need a separate punch for the compaction. Thesphitit in total three main planes from each
side. The size of the planes is also big enougpdoches.

The typical advantage of the sinter process isgagewell, because the complex outer geometry
of the sprocket and the geometry of the plug-irthimgy are cost intensive in the production
with conventional technologies, therefore it is pegfect part for the PM technology.
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4 LOAD SCENARIO AND FINITE ELEMENT METHOD

4.1 FINITE ELEMENT ANALYSIS

A colleague has analyzed the part for given loaitls avfinite element analysis program. The
result of the simulation shows that the componeantwithstand these loads for the given load

spectrum.
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5 CONCEPT FOR THE VALIDATION OF THE PART

5.1 VALIDATION OF THE PARTS

The concept of validation of the part is the magart of this Master Thesis. Several tests are
used to prove the material’s strength. The compioskauld withstand a certain number of
samples without relevant damages. Following thyped of criteria describe the test of the part:

» Static load on the sprocket
* Dynamic load of the chain teeth’s

» Testing of the interacting system in a chain drive

The first two test criteria can be tested with adhe existing testing machines, for the third

methodology, the development of a new test benokgégssary.

5.2 TESTING OF THE INTERACTING SYSTEM

The testing of the interacting system should delavetatement about the fatigue strength and
the types of damage in the interaction zone, likeng. Therefore, the whole lifetime cycle has
been shortened to a collective load of 1000 Nm owermillion cycles. The system has to turn
1 million rotations and the sprocket should not vehosignificant damages.
Another criterion is the stationary chain speedclwhshould be higher than 1500 rpm to
reproduce the interaction between the chain limd the sprocket teeth’s depending on the

speed.

Figure 29: Symbol picture of a teeth chain drive][1
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The transmitted power of the chain drive is coteeldo the momentum and the speed according
to Equation 1:

n*M
P=Mxw=

=1 = 157 kW

Equation 1: Initial power of the drive chain

The transferred power over the Sprocket is high smdt is the most important criteria for

concept creation of a test bench.

5.2.1 The initial specification for the test bench concep

Subject amount

Torsional moment 1000 Nm

Minimal stationary rotational speed 1500 rpm

Test duration maximum 1 week

Oil temperature maximum 100 °C

Pretension of the chain determined by the center distance
Centre distance between sprockets 160 — 200 mm

Angular position +40°

Table 5: Testing criteria

Additionally, factors like easy handling and excpamf testing parts are necessary for the test
bench. Variability for different load situation apdsition differences should be covered as well

for further testing.

A criterion which is also quite essential is thetf@ have almost the same conditions as in real

usage. These parameters should be equal for a dtiaén

* The deflection and angular position of the shaft
* The lubrication

* The tension of the chain

» The center distance

* The rotation direction
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The chain drive is a part of a transfer case wiscimounted after the gearbox to realize an
AWD in cars. This test bench is used to get anamutabout the strength and the wear of the
sprockets of the chain drive. The aim is to re&ehrmost similar result than in real operation
just without dynamics.

5.3 CONCEPTS FOR TEST BENCHES

There are several possible concepts to fit the $padifications, but all of them have to provide

this load situation for the sprockets.

Figure 30: Load situation of the sprocket durirfgtigue test

The following figure gives an overview of the pdssitypes of test rigs, which could provide

the specifications.

test bench

with two electrical

with a mechanical
machines power circuit

with two geared
electric motor

Figure 31: Possibilities for a test bench
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5.3.1 Test bench with two geared electrical engines

Two electrical engines with gearboxes create thd for the system. In this case, one of these

engines works as an engine and the other one esesiajor.

test bench
T _‘(__ _______________________________ :
|
|
1
I - bearin !
| tooth chain 8 L- geared :
|
1 - -
: block 1 engine |
' :
' |
: I
I sprocket distance plate clutches E
1
I18&2 :
. |
E bearing 4 | geared |
|
i block2 1 engine !
|
1
! <= I

Figure 32: Concept 1 with geared electric machines

In Figure 32, two engines which are connected ¥lgtkible clutches to the bearing blocks are
shown. The radial forces are transmitted with tah chain between the sprockets, and they
are supported with the two bearing blocks and tsiadce plate in between. This distance plate
offers an easy and stiff design and a force fluerow. This plate is responsible for the
positioning of the bearing blocks. Variability ¢fi$ concept is given through the exchange of
the distance plate and the adaption of the sprdukders.

The advantage of small, fast rotating engines wittigh ratio of the gearbox is that the initial
costs for the required infrastructure, the testhearad the electric supply are low.

This system meets the initial requirements, buthfr investigation has shown that a chain
drive with a stationary rotational speed still haeene dynamics in the chain and therefore the
chain speed is relevant. We have set the minimuamdpeed to 1500 rpm. This speed limit is

not reachable with the geared engine, which allesstall enough for this test bed.
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5.3.2 Test bench with two electric machines- 2M concept

Test bench

Electric machine 1

CV shafts 1

Electric machine 2

)

Figure 33: Concept 2 with two electric machines

This concept relies on two powerful engines withrenthan 157 kW continuous power. This
system works on the principle that one of thesehimas works as generator and the other one
as propelling machine. It provides a big advant#gmssible dynamic testing as well. A further
advantage is the fact that these engines can bfarsdifferent test benches and the electrical
machines can be configured easily.

The significant disadvantages of these engineshardarge dimensions as well as the high
mass. The engines for this application have rougl8ytons. The limited space where the test
bench should be positioned has not the requirechd@ation neither the required lifting
equipment for these heavy machines. The econorpecass to consider as well because every
engine needs the power unit and an optional coglargphery too. This concept has discarded

without any request for prices and delivery time.
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5.3.3 Torsion test rig

This concept relies on a test rig with a mecharpoaver circuit. It means that there are two
shafts. One of them is a torsion spring, made ahggsteel. The test rig is pretensioned in a
circuit. The necessary torsional moment for théiteproduced due to pretension. An electric
engine speed up the system and the produced powenstant velocity is equal to the losses
in the system due to friction. This principle isopted from FZG gear test rigs which are

common in gear testing. [17]

/ transfer case

transfer case

Elastic thin
/ shaft

iF

Pretension clutch

/
1

Figure 34:Test bench with transfer case at bothssid

This system is similar to the original FZG test @fegoncept with two gears sets, but instead
of gears, two chain drives are used. The advantafydee torsion test are the small needed
electric power supply and the compact design snepared with the 2M-concept.

Additional aspects for drive chains

The mounting position of the chain drives shouldikethe original use in the transfer case. It
means that there is the need for variability ofrtieunting angle and center distance of the test
bench for different drive chains. The variability @hain drives in a horizontal and vertical
direction is necessary.

An elongation of the chain occurs during its lifle#i. This elongation reduces the pretension in

the system.
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Deflection, axial and angle errors of the two sprdets

The positioning of sprockets strongly influences lifetime of a chain and the sprockets.

_ J—L —f———F——3 ’T_J___:;__i—j r'"“L-___-_;%_______-——L—_j

L I
T

Figure 35: Errors in axial position (left) and amgtight) [18]

Errors in the angle or the axial position of theogget cause a non-ideal load distribution or
additional force. The pull force occurs bendinghef two sprockets. The effect depends on the
layout of the bearing and sprocket combination.

In the case of the cantilevering shaft, there iamgle between both sprocket axes and an axle
displacement. The other case the sprocket is oaxisein the middle of both bearings. There
is no angle in between in the case of two symmetafts. A change of the center distance of
both sprocket still occurs. Nevertheless, the Sdonadiffers always from the real operation

situation, load, geometry and the material. [18]

2
.

Figure 36: Problems with cantilevering shafts aptineal solution

The real situation is best tested in real housinilp Whe same type of bearings. The real
lubrication is ensured in the original housing &lwl herefore, the decision is made to test the

sprocket inside the original transfer case.
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6 TORSION TEST RIG

6.1 SPECIFICATIONS OF THE TEST BENCH :

The requirements of the test bench have set upw@a2300 Nm and 3000 rpm. This test could
be done for a big variety of car transfer caseschvare limited in the center distance and the

angle.
requirement
Maximum torsional moment 2000 Nm
Operation range + 25 Nm around the nominal torque value
Range of rotational speed 0 - 3000 rpm
Minimal center distance 100 mm
Maximal center distance 300 mm
Upper angle of slope -60 °
Lower angle of slope +60 °
Pretension of the chain Set due to center distance

Adaption of connection to the transf All types of plug-in toothings

case
Lubrication of transfer case Like in the transfer case
Maintenance interval 500 h

Measurement range of torque + 2500 Nm

Accuracy of the torque measurement | £5 Nm

Rotational speed measurement + 3500 rpm

Table 6: Requirements for the test bench

Additional aspects for the torsion test rig aréifh design, and the whole test bench should be
mounted on a cast iron plate with the dimensiod>d,5 meters. The mounting occurs over
several T-groove. No flux of force should occur iothes cast iron plate except from the static
load due to gravity. Due to the high potentialteé test bench the maximum rotational speed
and the maximum torque are doubled. The maximumepawthe mechanical power circuit

calculated according to the following equation.
2 =1 3000

Equation 2: Mechanical power in the circuit
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6.2 DETAILED CONCEPT OF THE TEST BENCH

At the end of the Master Thesis, the concept otésebench is fixed and the detailed concept
of the construction is shown in the Figure 37.

Some FE-simulations of the shaft are in progreksréfore, there is still change until the final
design. The safety coverages are not designedoomuented yet.

Fixed bearing block .
Ringspann and locking element

\ : e
Flexible bearing DIOCKIN. Torque and rotational speed sensor

Figure 37: Screenshot of the construction at tliecdthe thesis

The Figure 37 shows the test bench which is dividextwo main parts and they are connected
with a torsional shaft and cardan shaft. The liel $s made to mount the unit under test and
on the right side there is a gearbox to close teehanical power circuit.

The testing transfer case is to mount on the i@ét. \n individual mounting plate is the adapter
between the test bench and the different typasoster cases. This plate implements the fixing
holes for the test bench and the transfer casé poditions the two bearing blocks with drilling
holes according to the center distance of the feansase. The flexible bearing block is
connected to a cardan shaft, which is just sketam&igure 37. Further on, this side is called

mounting side.
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The flexibility is given through a mounting platehiwh is to manufacture individually
according the test transfer case. The center distand the angle can be changed with the
exchange a mounting plate.

A gearbox for tensioning is shown on the right ssfi€igure 37. The task of this test bench is
to transfer the pretensioned torque from the toedighaft to the cardan shaft. Additionally, a
HBM measurement system measure the torque in gterayand the rotational speed. The pink
highlighted pretension clutch is to fix the systelring the pretensioning and to remove
afterwards. The Ringspann clutch make it possiblegen and close the mechanical power
circuit. Further on, this side is called gearbadesi

During the master thesis all these parts are aactet, excluding the blue highlighted under
construction in Figure 37, which is done by a agleFor the initial test, the torsion test rig will
be mounted on an existing cast iron test bed ameéltdctric power supply will be realized with
existing electric machines. The following chapteslain all the thoughts behind the

construction.

6.3 ASPECTS TO CONSIDER IN TORSION TEST RIG

6.3.1 Elongation of the chain

The elongation over lifetime is maximum 0.5 % ot tlength, which is defined out of
experience. The initial length is 641 mm.

The creation of the torsional moment in the powerudt relies on a pretensioned torsion bar.
Big twisting of the long torsional spring is prefed because then the influence of elongation
is minor. Therefore, the length is chosen with 160@. The increasing length influences the

variablee.
@I, G

M(p) = l

Equation 3: Torsional moment in dependency of #isting anglep

The elongation of the chain is known in total dutt the course of the curve until its final value

is not known. Therefore, a linear curve is assuriibd.real course of elongation will be known

during the first tests.

The following figure shows the loss of the torsiom@ament with a shaft designed for 21000 Nm

applications with two chains drives. In this cdbe,shatft is twisted 30.85 ° in total. The change

of the twisting angle caused by the elongation8%7.
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Figure 38: Loss of the torsional moment in the na@dtal power circuit in case of two chain drive8FQ Nm)

Figure 38 shows that the torsional moment cantidld on the same level. A retension of the
system is needed to keep the torque in a certagera
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Figure 39:Retension of the mechanical power circuit
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The Zick-Zack line shows the torsional moment kmsd the reestablishing of the pretension in

the system. This process of reestablishing theepsatn in the system is quite time intensive,

which has to done 5 times in the test shown infei@9. Probably this retension could take 20

minutes twice a day.

An exchange of the second drive chain against ebgeaeduces the elongation by almost the

half, because the gears have several times legstinaaa tooth chain. The change of loss of

twisting is now just 3.92 ° in total. The operatiarea of the test bench until a retension is set
to = 25 Nm of the nominal value.
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Figure 40: Loss of the moment with just one chaines$
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Test transfer box
/ Tensioning gear box

Torsion spring =

L

Clutch for the =

pretension

torque measurement

Figure 41: Concept with a gearbox on one side

Figure 41 shows a modification of the typical FA&B&gion test bench. It shows on the left side
the test transfer box and on the right side a geanvhich is responsible for transferring the
pretension forces.

The difference between a chain drive and gear sgathee varying output rotational direction
of them. The gearbox has three gears inside ttectiea same rotational direction. Additionally,
a ratio between the shaft is not allowed. Otherwiise system is self-blocking.

This concept has a torque measuring flange, whahthe task to measure the torque and
interrupt the test cycle if the torque falls beladimit. The second task of it is the measuring

of the initial tension.
6.3.2 Different torsional moment classes

The possibility of mounting different transfer cas® gearboxes needs a variability of torque.
Not all stiffnesses of the other components like ¢ardan shaft, the gears, the measurement
flange and the shaft hub connection are known hey are usually several times stiffer than
the torsional spring. Therefore, it is assumed, tt@biggest twisting will occur in the torsional

shaft and the other twistings of the componentsagtectable.

Institut fir Maschinenelemente und Entwicklungdmetk 52



6 Torsion test rig Master Thesis

The elongation of the chain requires torsional tshafating to the applied torque. The twisting
angle due to pretension has to be high, that tthgeimce of the chain is minimal. The polar
moment of inertia, the torque, the shear moduluktha length of the shaft are the influence
parameter. Different diameters of the shaft resullifferent polar moments for the varying

torque classes.

Equation 4: Polar moment of inertia

The expected use in the future requires three shaftording to the following table.
Torsional moment Diameter Length of the

plug-in toothing

Shaft 1 1000 Nm 22 mm 25 mm
Shaft 2 1500 Nm 25 mm 30 mm
Shaft 3 2000 Nm 28 mm 35 mm

Table 7: Shafts for different torsional moment s&s

The calculation of the shafts bases on the onlgreat load, the torque and is done for the
material 51V4, which is a spring steel.

The stress, caused by this torque, is comparedthatipermitted pulsating torsional stress of
the component. The safety between calculated targdepermitted pulsating torque is for all

three types of shafts bigger than 1.15.

The plug-in toothing has been calculated agairestqure. The safety of the plug-in toothings
is at least 1.45 for all three types of shafts.

Institut fir Maschinenelemente und Entwicklungdmetk 53



6 Torsion test rig Master Thesis

6.3.3 Exchange and pretension of the torsional shafts

The torsional shafts with different diameters amdmwith the same connection parameters.
On one side there is a clamping element of thedbfRmgspann” which is designed for up to

3400 Nm. There is a plug-in gear to connect theiaoal shaft with a bearing pedestal on the
other end of the shaft. The length of the plugaathing depends on the torque class of the

torsional shatft.

Table 8:Connecting ends of th@sional shaft; left side shows the plug in tonthand right side shows a
cylindrical clamping element

The pretension of the system works on the princghpé¢the tensioning gearbox gets locked and
the screws of the clamping element get opened.apten is that the operator plugs the leaver
with the right adapter on the shaft and apply a@lloa the leaver according to the required
pretensioned torsional moment. The pretension eaméasured by the output of the torque
measurement system and if the right pretensiordshred the operator fix the screws of the
“Ringspann” element.

The maximal pretension torque of 2000 Nm would neja long leaver or high forces on the

leaver, but the system has to be pretensionedatdbl which is easy to handle and manipulate.
Therefore, another option with a mechanical tomuéiplier is more interesting. The testbench

is adapted to use this pretension system, whicttifumality base upon a planet gear set. The

torque multiplier is supported on the red highleghpart of the housing.
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Figure 42: Torsional shaft with hexagon and housief) and torque multiplier (right) [19]

Another aspect for this concept is a higher sabétthe pretension process, due to about 16

times smaller loads on the leaver.
6.3.4 Measurement of systems torque and speed

The significant two main parameters, which showddrdécorded, are the torque level and the
number of revolutions. The nominal torque is 2 kNt due to the interaction of tooth’s and
chain, there is a dynamic in the torque value. Nétinequencies occur in the run up. Hence
the choice of the nominal torque of the measurermsgstem is above 2 kNm.

The second criteria of the torque measurementdsaticuracy of the system. Due to the
operation within the £25 Nm range around the noimmbue, the system requires an accurate
measurement system.

An HBM TB40 3 kNm torque measurement flange isdbgct of interest. The output of the
system is a £10 V or a frequency output. Causerbgdalitional analog-digital converter, the
accuracy of the system depends on the type ofutpubsignal.

The cardan shaft produces a parasite bending moonethie shaft, which is depending on the
angular position, the deflection angle and the lofthe cardan shaft. This additional pulsating
bending moment will reach twice the maximum (u@®& Nm) and zero. It can be considered
for the analysis and the initial pretension. Thiewation of the accuracy is done according to
the HBM guide and added in the appendix. [20]
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parasite load Signal type Accuracy in Nm Accuracy in percent
(min/max) of max. torque

max +10 V output +9.12 +0.46 %

max Frequency output +7.37 +0.37 %

min +10 V output +6.59 +0.33 %

min Frequency output +3.78 +0.19 %

Table 9: Accuracy of the different output variaatsl parasite loads (95.5 % probability)

The check if the pretensioned torque falls durimg test has to be always done at the same
position of the cardan shatft.
The rotational speed is also measured with the Hig¥isor, where an incremental rotary

encoder is integrated.
6.3.5 Gearbox for the pretension of the system

The task of the gearbox is to transfer the tordugear 1 to gear 2 without any change of the
rotation direction and any ratio. Three gears @&eded because with every interaction of the

gears, the direction changes once.

gear 4

a e o

gear 2

Figure 43: The constellation of the shafts

Both, the drive (gearl) and output gear (gear 2drie have the same size and in between
another gear is mounted, which is responsiblelferchange to the right rotation direction.

The gears are normal involute gears.
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6.3.5.1Reasons for two shafts outputs

According to reach higher variability of the systémo output shafts are implemented. Always
one of this output shafts is connected to the jsivaft. Either gear 2 or gear 3 is connected to
the output.

gear 3
gear 4

N
e gear 1

gear 2

Figure 44: Constellation with two shafts

The main reason for the two shafts is the facttimattypes of transfer cases are available - one
with the output to the front axis on the right sadel one on the left side.

Figure 45: right sided output [21] and left sidadput [14]
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6.3.6 Calculation of the gears

The initial calculation is done analytically, aritetfatigue strength of the gears is calculated.
Spur toothed gear sets are used to reduce thesfafcéhe bearings caused by the high
transferred torque.

The constellation of Figure 44 is calculated anel idsult of the calculation shows that four

gears are necessary, but the gear 1, gear 2 an8 geaequal. Gear 4 is mounted just one time

in the tension gearbox. The specifications of tharg are shown in Table 10.

Gear 1/2/3 Gear 4
Number of teeth’s 37 31
Module 4 mm 4mm
Reference diameter 148 mm 124mm
Width 65 mm 68mm
Reference pressure angle | 20 ° 20°
Helix angle 0° 0°
Tip diameter 156 mm 132 mm
Root diameter 138 mm 114 mm
Base circle diameter 139.08 mm 116.52 mm
Material 16MnCr5 case-hardened 16MnCr5 case-hardened

Table 10: Data of the gears

This calculation is an analytical calculation basadhe interaction of two gears. A calculation
with gear calculation software should be the nexp $o0 verify these dimensions and the aim is
to optimize the toothing. The lubrication happerithwa circulation pressure lubrication.

The calculation of the gears shows the safetyeéthaller gear against tooth break and pitting,
which is in relation to the maximum permitted Hetzpressure. The safety against the tooth
break is 2.02. The safety against pitting is 1.22.
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6.3.7 Variability in positioning with joint shaft

Variability between the possible mounted gearbogegeded. It can be achieved by a cardan
or constant velocity shaft. The mounting of thenjahaft offers a bandwidth to operate with a
gearbox. The deflection angle of maximal 10 ° esltmiting factor in the variability. A higher
deflection angle increases the variability buintits the rotational speed and it occurs a shorter
life time of the shaft.

Test piece
. Tensioning gear box
/I\/Iountlng plate

Torsional spring _—
L :

Bearing blocks

E

Torque measurement

Figure 46: Concept with a cardan shaft
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6.3.7.1Possible areas and speeds with the joint shaft

The variability due to a joint shaft is shown iryéie 47.

446.100
301320 —,

271380 —~
241 320

Ry

Figure 47: Reached positions with a joint shaft #@sketch, righ constructed)

The dotted circle lines show the different degidle deflection angles starting from the inner
circle with 5° and rises by one degree to the detsi

The allowed rotational speed under a certain aisdimited through a temperature limit of the
joint. This empirical equilibrium is applicable farconstant velocity shatft.

n* f <= 18000

Equation 5: Empirical equation for the temperatimét of constant velocity joints [22]

The other opportunity is a cardan shaft of Elbehwiite joint size 0.113 (declaration of Elbe).
The maximum speed for certain deflection anglesliesut of Figure 48.
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Figure 48: Correlation of deflection angle (10°}iapeed for Elbe cardan shaft with a joint size8.[R2]

Cardan shaft speed Constant velocity shaft

deflection angle (0.113 joint size)

5° 4600 rpm 3600 rpm
6° 3750 rpm 3000 rpm
7° 3250 rpm 2550 rpm
8° 2800 rpm 2250 rpm
9° 2550 rpm 2000 rpm
10° 2300 rpm 1800 rpm

Table 11: Interrelations of speed and deflectiogi@for both types of shafts

According to Table 11 the cardan shaft offers highessible speeds than a CV-shaft and in
addition the cardan shaft is cheaper as well. fecum of the construction is also the better

fitting flange. The only disadvantage of a cardhaftsis the need of a driven and an output

shaft, which have to be parallel, like in the tardast rig.

The critical aspect of the use of a joint shafthis maintenance interval. The highest torque,
maximum speed in combination with the highest d#ife angle damage the joint shaft before

the next maintenance interval after 500 tests. ibeg, a check of the shaft is needed every 30
test runs or 500h, that depends on which occulieeddsually, this worst case doesn’t happen

every test cycle. Therefore, the cardan shaft shewrvive the time until the next maintenance

interval.
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6.3.7.2Individual mounting plate for different transfer cases

The transfer case is usually mounted on an exigf@agbox of the car, and this connection of
housing and the connection of the shafts diffete/ben different OEM’s.

The test bench is made to be adaptable to thedifféypes without any issues. An individual
mounting plate is to design for every transfer daseause the screw pattern and the position
of the alignment pins changes. The different leagththe input shaft and the diverse plug-in
toothings will be realized with an adapter whichmisunted in the bearing blocks. The only
criteria are the existing toothing of the beariihgcks and the position of the threads which are

needed for fixation of the adapter.

Centering diameter for the mounting plate
|

L=

Position of the adapter

Figure 49: Bearing blocks for variable position aagiable adapters

The mounting plate has the additional task of pmsitg the bearing blocks and the force

transfer between them.
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6.3.7.3Calculation of the friction in the system for dimersioning of the

electric machine

The whole system is powered with an electric maehihich is responsible for creating the
power which gets lost through the friction in thgstem. These maximal losses are the
dimension factor of the electric machine.

The efficiency of the transfer case is assumed iesk than 3 % and the losses of the gear
contacts have been calculated. The bearing andas=als are the result of SKF experience
values. The values in Table 12 refer to the maxiossdes at a speed of 3000 rpm and a torque
of 2000 Nm.

Component Losses
Transfer case <3 %
Gear contact (3x) 3.3%
bearings ~1.2 %
seals ~0.3 %

Table 12: Maximal losses in the power circuit [23]

The sum of the losses is approximately 8.1 % optheer. This value is created from reference

value for bearings and seals, therefore a slightiizer-powered engine is recommended.

Pyt = (100% — 1,,,) * P = (100% — 91.9 %) * 628.3 = 50.89 kW

Equation 6: Output power of the electric machine

The critical side fact for electric engines is,tttias power output has to be a long-term power
amount, which is the so-called S1 mode. Additiondhe power unit has to supply this power.
An important side fact is also the transformatiéthés power in heat. The engine is cooled on
a water circuit or with air cooling, and the roomsha ventilation system. A big amount of the
power also will be produced in bearings and thdirsgawhich afford a lubrication cooling

circuit to transfer the heat away.
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6.3.7.4Natural frequencies

The knowledge about the eigenfrequencies givesnfoemation about the rotational speeds,
which are restricted for permanent operation aravspassing of them. Changing or
modification of the components occurs a changéehiatural frequencies.

The critical point for analysis with an multi bodynulation tools are the unknown stiffnesses
of components and connections, like the clampirmeht and all the plug-in toothings.
Additionally, every change of the transfer caseatge a new situation. The solution is a fast
speed up until the maximum speed and then a slomndmtil a standstill. The natural
frequency can be found out at the output of thguermeasurement flange. An acceleration

measurement next to the bearing positions providesmation as well.
6.3.7.5lubrication of the system and lubrication power unt

The gearbox, in detail the gears need some lubicdd resist the contact forces without
damage. Damages of the gears could be pitting,, virediting or tooth break. For them, an
immersion bath lubrication would be sufficient, lltthe bearing blocks won’t be affected by
this kind of lubrication.

One reason for circulation pressure lubricatioa gbrication of the gears before the start.
The second reason is that several bearing bloeksrglemented where taper roller bearings
are in use, which have a higher heat production tttanmon ball bearings. The oil should
transfer the heat into the tank of circulation pumphe surrounding room. The high loads in
the gearbox require a special gearbox oil withsaasity of 320 mm?/s. A phi oil HC Gold 320
is chosen to fulfill this task.

6.3.8 Consideration to use the test bench for gear sets

The torque test bench is developed for testingstearcases, but instead of the transfer case, a
self-constructed gearbox could be mounted as Wsihg this test rig for gears as well has been
considered during the whole conception period antsituction process. A special mounting
box for gears has to be designed. This optionldfinee for this use, but it is neither calculated

nor constructed in the course of this thesis.
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6.3.9 Proposals for the further implementations at the tet bench

Safety concerns

The operator’s safety is the highest aim. Thereteusing of the test bench will be necessary
to cover all the rotating parts. A housing madenettal sheet could be mounted on the test
bench. The width of both, the tensioning gear boxl she assembly frame, is equal.
Additionally, mounting threads are planned on therfix the metal sheet easily.

This metal sheet is to remove for the exchangaetransfer case and the mounting plates.

Covering of the torsion shaft

The critical part according to the strength of gat is the torsional shaft. If an overload of
torque occurs, the torsional shaft breaks at fliisis shaft is pretensioned and rotated with 3000
rpm. If the shaft bursts, a cover prevents theosumding from flying shaft parts. Therefore, an

additional protection is needed in the form of pasable metal pipe.

Noise reduction

The created noise due to the tooth meshing oftth&gkt toothed gearwheels creates a noise of
unknown value so far. The reduction of the expentade is the aim of the final dimensioning
of the gears. A high-profile overlap is preferr&bund isolation mats could reduce appearing

noises. Stiffener at big surfaces can help astwetduce the creation of sound.

Voith Kuesel clutches

The principle of the torsional shaft is long pro¥enFZG test benches. This principle has been
adopted to our test application, and there are onvkrfactors like the eigenfrequencies. There
is the option to use of a Voith Kuesel elementaadtof the torsional shaft or in addition to the

torsional shaft. This standard element could béepstoned as well. There is an elastomer
implemented, which is highly elastic. The low stéts of this element reduces the initial natural
frequencies and it leads to an overcritical operabtf the test bench. The creeping of the
elastomer has to be almost equal to zero othethwesgretension of the system gets reduced.
[24]

Institut fir Maschinenelemente und Entwicklungdmetk 65



6 Torsion test rig Master Thesis

6.4 PLANNED TESTING PROCEDURE

The procedure to test a new sprocket in a tramstee should be executed like the following

steps:
6.4.1 Preparation for the mounting:

A custom mounting plate for the new transfer casetb be constructed and manufactured for
the individual transfer case. The holes and pasiig boreholes have to be adapted. The
mounting plate implements the alignments for thgitpming of the fixed and variable bearing

block. The alignments are manufactured accordiegénter distance and the mounting angle
of the transfer case. Besides, the input and oustpaits have to be made according to the input

toothings and toothings lengths.
6.4.2 Mounting of the mounting plate, adapters and transér case

The mounting plate is to fix on the testbench. Tlaeible bearing block is to position on the
mounting plate according the alignment. The shadipters are screwed onto the shafts of the
bearing blocks and afterwards, the transfer boxtbid® mounted on the plate. The torsional

shatft is to choose according to the test torque.
6.4.3 Initial run until the first re-tension steps

1. Pretension the torque shaft with the nominal tongjus 25 Nm.

2. Fix the shaft with the “Ringspann” element.

3. Check the pretension with the signal for the HBMsze and check if all housings
are closed.

4. Run up the test bench until the maximum speed bovd down to zero again.
Check the eigenfrequencies in the signal of thguer

5. Choose an operation rotational speed in the rahd®@) — 3000 rpm outside
and away from the natural frequencies.

6. Once the test is started, it runs until the HBMssemletects a decrease of 25 Nm

from the nominal torque or the final number of tmias is reached.
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6.4.4 Repetitive steps until the final number of rotatiors

Step 1 until step 3 deal with the tensioning ofghstem and they are equal to the initial run.

4. Choose an operation rotational speed like befaredst run and start the test.
5. Once the test is started, it runs until the HBMssgrdetect a decrease of 25 Nm
from the nominal torque or the final number of tmias is reached.

6. Repeat until the final number of rotations.
6.4.5 Immediate stop of the test bench
The criterions to stop the test bench immediateithput consideration of safety criterions):

* The immediate decrease of the torque to zero itecabreakage.

» The fast decrease of the specific torque per mi(tatgue gradient) shows damage or
wear. The test component has to be examined.

* The increase of the needed power of the electrchma above a limit to drive the test

bench indicates a damage of a bearing or faulbpfparts.

The values for the stopping of the test cycle thee decrease of the torque and the increase of

the input power, have to be determined experimigndaking the first test cycles.

Institut fir Maschinenelemente und Entwicklungdmetk 67



7 Final summary of the Master Thesis Master Thesis

7 FINAL SUMMARY OF THE MASTER THESIS

This master thesis has shown up, that parts oflohst of the electrified power trains can be
made with powder metallurgy manufacturing. The stigation of the different types of
electrified drives shown up several parts, whichldde future PM parts, even though, some
parts are not advisable to produce right now witirtBchnology because of a problem with
the material strength or quantity. Manufacturingafic system design makes a production in
sinter technology interesting again.

A part of the outer disc carrier is a sprocket, aithhas been chosen as component able to
manufacture with sinter technology. This part ig@cal part, which suits best for the sintering
technology.

Finally, a testing concept for this sprocket hasrbéeveloped and the outcome of this thesis is
the concept for the tension test rig, which fufithe criterions to test the fatigue strength and
to get an indication about the wear and pittinghef sprocket.

The innovative testing concept, which bases oroagur concept of FZG-gear testing, makes a
fatigue test of transfer cases possible. The wsdead the test bench for various transfer cases
will make an inhouse endurance test of sprockessipte.

The test bench fits in the in- house facilities aath be initially operated with the existing
infrastructure.

The Master Thesis and the outcoming concept isbdms for the continuative work of

colleagues, which also cares about the mountingratal operation.
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A.l. Attachment 1: Calculation of the shaft

Verspannungspriifstand Rechnung mit einem Kettentrieb
Torsionsstab Daten
Digyap, = L2mm
lgyap, = 1000mm

Vg = 0.3

N

= 210000——
Estah 3
mm

Egmh 4 N
Gy, = ———————— =8077x 10" ——

1+"Sta1l1] —

Kettentrieb Angaben

A= 173 54mm

Torsions- Widerstandsmoment

3
Diaty
'Wr = Tr-T =2.081 x lﬂa-mml

maxiamle Torsionsspannung
M,
e T L Daten Federstahl51v4
Wi m2 tau_zulassig schwellend=585N/mm*2
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Vorspannung des Torsionsstabes

Meapl

o= J =0538-=d
Gk

o = 30845

Torsionale Federkonstante
o= ol ssex 10 R
[ rad
Lange der Kette
IKE'I.'I‘.E =2A+ dEDp‘ﬁ:reis'“ = (42.30- mm

Langung der Kette: Annahme 0,5%

deltn by o= Do 00005 = 3.212-mm

Verdrehung des Torsionsstab aufgrund der Kettenlangung
deltn_lyzeqrs

——3860F = 0068
(@Ropficreis) ™

O Speme =

L — ERUL S
Verhalinis des Momenits zur Langung

i

Mapmicingl®) = 5 _— sk

1]

Verdauf des Moments in der Torsionswelle

M{ie) = My — Mporeictiumel #)

eraubte Abweichung des Moments von dem
My = S0Hm Bezugsmoment ist +-25Mm

Verdrehung in Grad bis zur emeuten Verspannung
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Mickzack )

[Hfu:'}+ M._m] if Prickrack > ¥
[

My
P~ Pk +—2 Pk 5P < 2 W0 ok

S

¥ SPrickoack < ¥ < $Prickzack

¥ 8Prickzack * < Wrickzack

] 1 2 3 4

i

Change of the angle [*]
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A.2. Attachment 2: Calculation of the losses of the beargs

Reibungsverluste der Lager von SKF Bearing Calculator

SEF 32014 5025 1000 770 770

1

SKF 32012 1 9025 1000 L0 a0

SKF 32015 2 9025 1000 B30 1660

SKF 32013 2 9025 1000 &40 1280

SKF 32012 1 5000 1000 550 Lod

SKF 32011 1 5000 1000 S00 L]

SKF 22209EK 1 17786 o 360 360

SKF 32011 1 5000 1000 ] SO0

SKF 32011 1 5000 1000 500 SO0
Summe 6,7 kW
gerundet T W

Reibverluste Dichtungen nach Diagramm von SKF

CR 55x100x10 HMS 55 110 110

1

CR 85x115%x12 HMS 1 BS 210 210

CR Sx120x12 HM 2 S0 230 450

CR 85x105x12_ HM 2 85 210 420

CR 70x100x10_HME 1 70 140 140

CR 70x95x10_HMS/ 1 Fi) 140 140

CR 795310 _HMS/ 1 70 140 140

CR 70x95x10 HMS/ 1 70 140 140
Sumime 1,76 kW
gerundet 2 kW

Ml ri i i 51 i
R R P B N TS ST T U P | B DT P

=rlslimn i
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A.S.

Attachment 3: Uncertainty of the measurement TB40

Berechnung mit maximalen parasitdaren Lasten und +- 10 V Ausgang

Normalvert

Fakt plus/mi Max torque / FSO Rechteckverteil-  eil- Einzelbetrdge der

or  nus bezogen auf /Detle_M ungsfaktor ungsfaktor Messunsicherheit[Nm]
Kennwerttoleranz 1| 0,100%|max. Torque 2000 0,577350269|nicht angwer 1,154700538
Linearitatsabweichung and
hysteresis Spannungsausgang 1| 0,030%|FSO 3000 0,577350269 |nicht angwer 0,519615242
Rel. Standardabweichung der
Wiederholbarkeit 1| 0,030%|FSO 3000 0,577350269 | nicht angwer| 0,519615242
Temperatureinfluss pro 10k auf
Ausgangssignal hier 10°C 1| 0,200%|max. Torque 2000 0,577350269|nicht angwer 2,309401077
Temperatureinfluss pro 10k auf
Nullsignal bezogen auf
Nennkennwert hier 10°C 1] 0,100%]|FSO 3000 0,577350269| nicht angwer 1,732050808
parasitdre Fehler ( 0,3% X anteil
davon) 1| 0,183%|FSO 3000 0,577350269 | nicht angwer 3,173811419
Wiederholbarkeit 1] 0,030%|Delta M 0|nicht angewendet 1 0
Langzeitdrift 1| 0,030%|max. Torque 2000 0,577350269 |nicht angewé 0,346410162

Gesamter Fehler (68,3%
Vertrauenswahrscheinlichkeit) 4,52|Nm

Auftreender Fehler bei max. parasitdren Lasten und+-10V Ausgang

Gesamter Fehler (95,5% Wahrscheinlichkeit) 9,0332 Nm
% von max. Drehmoment | 0,45%
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Berechnung mit minimalen parasitaren Lasten und +- 10 V Ausgang

Normalvert

Fakt plus/ Max torque / FSO Rechteckverteil-  eil- Einzelbetrage der

or minus bezogenauf /Detle M ungsfaktor ungsfaktor Messunsicherheit[Nm]
Kennwerttoleranz 1] 0,100%| max. Torque 2000 0,577350269|nicht angwer 1,154700538
Linearitatsabweichung and
hysteresis Spannungsausgang 1| 0,030%|FSO 3000 0,577350269|nicht angwer 0,519615242
Rel. Standardabweichung der
Wiederholbarkeit 1| 0,030%|FSO 3000 0,577350269|nicht angwer 0,519615242
Temperatureinfluss pro 10k auf
Ausgangssignal hier 10°C 1] 0,200%| max. Torque 2000 0,577350269|nicht angwer 2,309401077
Temperatureinfluss pro 10k auf
Nullsignal bezogen auf
Nennkennwert hier 10°C 1] 0,100%|FSO 3000 0,577350269|nicht angwer 1,732050808
parasitdre Fehler ( 0,3% X anteil
davon) 1| 0,007%|FSO 3000 0,577350269|nicht angwer, 0,119738526
Wiederholbarkeit 1| 0,030%|Delta M 0|nicht angewendet 1 0
Langzeitdrift 1| 0,030%| max. Torque 2000 0,577350269|nicht angewsé 0,346410162

Gesamter Fehler (68,3%
Vertrauenswahrscheinlichkeit) 3,22|Nm

Auftreender Fehler bei max. parasitdren Lasten und+-10V Ausgang

Gesamter Fehler (95,5% Wahrscheinlichkeit) 6,4315 Nm
% von max. Drehmoment | 0,32%
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Berechnung mit minimalen parasitdaren Lasten und Frequenzausgang

Normalvert

Fakt plus/mi Max torque / FSO Rechteckverteil-  eil- Einzelbetrige der

or  nus bezogen auf /[ Detle M ungsfaktor ungsfaktor Messunsicherheit[Nm]
Kennwerttoleranz 1) 0,100%|max. Torque 2000 0,577350269(|nicht angwer 1,154700538
Linearitadtsabweichung and
hysteresis Spannungsausgang 1) 0,030%|FS0 3000 0,577350269(|nicht angwer 0,519615242
Rel. Standardabweichung der
Wiederholbarkeit 1| 0,030%|F50 3000 0,577350269(|nicht angwer 0,519615242
Temperatureinfluss pro 10k auf
Ausgangssignal hier 10°C 1) 0,050%| max. Torque 2000 0,577350269(|nicht angwer 0,577350269
Temperatureinfluss pro 10k auf
Nullsignal bezogen auf
Nennkennwert hier 10°C 1} 0,050%|FS0O 3000 0,577350269|nicht angwer 0.866025404
parasitdre Fehler ( 0,3% X anteil
davon) 1| 0,007%|F50 3000 0,577350269(|nicht angwer 0,119738526
Wiederholbarkeit 1| 0,030%|Delta_M 0|nicht angewendet 1 0
Langzeitdrift 1| 0,030%|max. Torque 2000 0,577350269|nicht angews 0,346410162

Gesamter Fehler (68,3%
Vertrauenswahrscheinlichkeit) 1,76|Nm

Auftreender Fehler bei max. parasitdren Lasten und Frequenzausgang
Gesamter Fehler (95,5% Wahrscheinlichkeit) 3,5163 Nm
% von max. Drehmoment | 0,18%
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AA4.

Attachment 4: Calculation of the gears

Jungwirth Martin

Matr. Mr.- 1331302

Verspanngetriebe Auslegung

Verzahnungsauslegung
Angaben

Eingangsdrehzahk: n, = 3mo-%_tn
Eingangsmoment: M, = 2000 N-m
Schragungswinkel: g=10"
Eingriffswinkel: oy =
Betriebsfakior =12
Mennmoment My = oy M = 400 N-m
Ubersetzung: iy =15
Werzahnungsqualitat: VEQ=1T
Zahmezahl: zy =31
Muodul: mp, = 4-mm
Zahmradbreite: by = §5-mm

ges. Profilverschiebung:

xﬁ:ﬂ

06.03.2018
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Ubersetzung
gedhlie Zshnezah! Grofirad: 2y =37
newe Ubersetzung: i) = E =1.104
o
Ubersetzungsabweichung: 15,,5.,|1—1] =2043.%
gy =15%5-% Die Ubsrsetzung ist im Tolerenzbereich.
Profilverschiebungsfaktoren
laurt RoloffV Matelk: TH 21-6:
- ] + 2
ittlere Zahnezahl = =
m Zm 2 34
Profilverschiebung Ritzel: x =0
Profilverschiebung Grorad: 11:=195_x1=ﬂ
Es tritt keine Profilverschiebung aufl
Verzahnungsgeometrie
. L X +E
Batriehseingriffwinkel- iy, = 2- t:m{un] + vy
) +z;
ey, = i
Copgy = 0y
o m{un])
Stimeingriffswinkel: = = 2"
cos([)
g = iy da Profilverschiebungzsumme Xop = ]
Kopfspiel (Richtwert): ;= 025m = 1. om

83
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Verzahnungsgeometrie Zahnrad 1: Ritzel

Teilkreisdurchmesser dy = z;-my = 134-mm
o cos
Betriebswalzk reisdurchmesser: dyy=dp———=124mm
cos{auy)
Fopfkreisdunchmes ser dgy=dp + 2my + 2-xp-my = 132-mm
Fullkreisdurchmesser: dp =dy - 2my, - 2-c + 2-xp-mp = 114mm
Grundkreisdurchmesser 4y = d]-ous[u_r:l = 116,522 - mm

Verzahnungsgeometrie Zahnrad 2: Grofirad

Teilkreisdurchmesser: dy = 51% =148-mm
Betricbswalzkreisdurchmesser. Ay = dz.tj:j} = 148-mm
Hopfreisdurchmesser: dyy = dy + 2my + 2xym = 156-mm
Fultkreisdurchmesser: dpy = dy — 2-my — 2-¢, + 2%y m = 138-mm
Grundkreisdurchmesser = dy-cosfe) = 139.075.mm
Achsabstand: ay = Gt 136-mm

2

Institut fir Maschinenelemente und Entwicklungdmetk 84



10 Attachments

Master Thesis

Profiliiberdeckung

[.E z_rE]z
] 2

_ oo
T mmy cosfay)

=3930

Epy = E1+E2—Ea=1.m

Kontrolle anf Unterschnitct

Ritze]

Ziahnezshl: zy =31

Profilverschisbungsfaktor =0

Mach Prifung Mit Abb{Z4) besteht weder Gefahr fiir Unterschnitt noch Spitzenbildung

Eu}].ij

Grofirad

Zahnezshl:

32=3'J'

Profiverschiebungsfaktonr X, =0
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Eonirolle Eopfspiel
min. Kopfspiel: Cpip = 0.12-my, =048 mm
. dg) +dp
bestehendes Kopfs piel: Cjgy == 27 — T = 1-mm
Szt * “min E= besteht genidgend Kopfzpicl.
Zahnfuftspannung
. . 1My
Tanmgentialkraft am Ritzel: F,= d_ = JETOO.67TH
1
Radialkraft amRitzel: F, = Fytan{ay | = 14089.17H
Axialkraft am Ritzel: F, = Fyun(@) =0N
Zahnformfaktor: 'YF = 257
Lastanteilsfaktor Y¥.= —1 = [.595
E
L5
. ) B-180
Schriagungswinkelfaktor Ya=1- =1
ne= a 120-w
Faktor fir K E = 59|5.533-1
'I:ll mEn
Zahnradqualitat: VEQ=T
Profiliiberdeckung: By = 1679
Stimlastverteilfaktor Eg,=1
Zahnfulls [ = i Ve ¥_-, =127 Ml
pannung: TF = oo F v YR, =227 3
1% mm
Ritzelwerksfalf: 16MnGrS
Einsatzgeharfef
max. Zahnfulifestigkeit: T = mll
Sicherheit gegen Zahnbrnch:
T
31
Spe=—=2010
F
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Hertz'sche Pressung
. N
E-Muodul: Ey s = 1.1-1{:5—1
mm
. i
Matedalfaktor Iy = Ilujs-Elm = 271.109- —
mm
1 [ 1
Flankenformfakior zH;= r_us{u'} tm{um} =
- 4-E,
Uberdeckungsfaktor = 3 =088
Zahnezahhverhaknis: 0y = E =1.194
4
1
Stimlastvertsilfaktor L

Herz'sche Pressung:

Ritzelwerksfoff: 16MnCrS

einzatzgehirtet

max. Hertz'sche Pressung:

u+l F N
oH1 = I Zg e o, B, = 133242
o bydy

opp = 1630—

Sicherheit gegen Hertz'sche Pressnang

SH:= E = 1213
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