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ABSTRACT

The aim of thiswork is the improvement of a constitutive frictio
law which has beemdentified for the specific demands aheetbulk
metal-forming. The constitutive friction law determines the friction
shear stress in dependency on tpistic smoothing of the surfac
roughnesswhich alsoaffects thereal contact area An experimenta
setup is introduced to determine the change of the surf
roughness which is influenced bythe tensile bulk stress in th
workpiece. In order to model the experimental resultsa well-
establishedhalf-space model ipresentedand improvedto consider
strain hardening. The halfspace models usedto determine the
change of the contact areas a function ofthe tensile bulk stres:
This interdependency is also reflected by the proposed constitt
friction law.

¢ 6PRuiblished by Faculty of Engineerin

1. INTRODUCTION

range of different friction laws, which are available
for the simulation of forming processes Forming

900,8 wh

Friction between thedie and the workpiece plays a
vital role in forming processes. It impacts wear and
lifetime of the tool, the flow of the deformed
material and the required process forces. Friction
is influenced by many factors, for example
temperature, sliding velocity, flow stress, and the
surface roughness. Although frictionhas been
widely studied, the big amount of factors
influencing friction still inhibits a general
mathematical formulation of the friction
interaction. This is also reflected in thebroad

processes are commonly classified into sheet
metal processes and bulk forming processe3he
Coulomb friction model is an accepted model for
the simulation of sheet metal forming, which
mostly occurs with low to moderate contact loads.
The Coulomb friction modeldescribes the friction
shear stressas a function ofthe normal stress and
the friction coefficient. Furthermore, Westeneng
proposed a modelin [1] that focuses on the
boundary lubrication and ploughing regime in
order to provide an advanced model especially for
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deep drawing. In a similar way, Holdeveloped a
boundary lubrication friction model that relies on
the surface deformation of the contacting surfaces
[2]. The latter model is designedor the particular
needs of automotive sheet metal forming.

On the other hand, bulk forming processes,
which take place with very high contact loads,
are commonly simulated with the friction model
of Tresca. This model estimates the friction
stress by using the shear strength of the weaker
material in contact and the friction factor.
Alternatively, a plastic wave friction model with
the ability to take into account mixed lubrication
waspresentedby Vidak3 Al 1 iin[#.0 Al 8

However, forming processes which show
characteristics of both sheet metal forming and
bulk metal forming make the choice of an
applicable friction law difficult. A prime example

for this is sheetbulk metal forming, as bulk
forming processes are applied oto metal sheets
[4]. The products of sheebulk metal forming

are lightweight high-precision components with

functional integration, which grant this process
an outstanding role. Sheebulk metal forming

comes wth both low and high contact loads.
Therefore, the friction models of Shaw([5], [6]],

or Wanheimand Bay|[[7], [8]] are more suitable,

since these laws provide a smooth transition
AAOx AAT  #ffictoh mbddl AD A
one. Thischaracteristic is alsoimportant for the
constitutive  friction law (CFLD which is
presented in[9].

The CFLis mathematically formulated as

t &t h (1)
where z is the friction shear stress,k is the
shear yield strength and | A A 1tfie @dntact
ratio between the real contact areaA and the
apparent area/o. The friction factor m has to be
measured experimentally, for instance by ring
upsetting [10]. Due to the roughness of technical
surfaces, Ao is only in contact with its surface
asperities. The area which is provided by these
asperities is A.. The parameter] is a relevant
indicator as contact loads are only transferable
in A, or by hydrodynamic effects.

The CFL distinguishes between initial contact

and un/reloading. For initial contact J| is
identified similar to the findings of Shawas:
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where pmean iS the contact pressure acting oA,
H is the surface hardnessand a; and b; are
numerically identified parameters.

As the CFLis the product of the shear strength
and the contact ratio, it can be interpreted as
to the plastic deformation of the surface,A
increases Inearly with pmeanfor low to moderate
contact loads. Since A cannot surpass Ao, |
approaches 100% forarge pmean FOr low contact
loads the CFL shows a behavior similar to

A.Pwe OAEE

#1 0111 A6 O AE AOlkgh TconthcA x 8

loads, the CFLEO OAIl AOAA O
friction. A qualitative comparison between
4 0AORAGO
shown in Fig.1.

Tresca's law

Coulomb's law

Constitutive friction law

leC‘tUI

Fig. 1. Qualitative comparison of friction models

As sheetbulk metal forming can occur
incrementally, the CFL is able to take into
account un and reloading. Un-/reloading is
mostly elastic, since the plastic surface
deformation already occurred at the initial

contact. For un-/reloading the CFL is also
expressed by Eq(1)h A OO xEOE Al
| oA i%f”T (8 3

In Eq.(3) the parametersa; and bz are identified
numerically. Additionally, | for un-/reloading
depends on the historic contact loagn, which is
the maximum contact load of the previous
contacts. The parameteq (pn) takes into account
the plastic surface smoothing which arose in a
previous contact step withpn. This leadsto a real
contact area for un/reloading which is larger
than the real contact area at initial contactFig.2

#1 O1 1 1 A& GCFLIiSA x

4 OAC
A1l
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shows the progression of, for initial contact and
for un-/reloading .

un-/reloading

=

initial contact

Pmean

Fig. 2. Friction law with un- and reloading

Certainly, sheetbulk metal forming is also
characterized by local highly varying two-
dimensional and three-dimensional stress and
strain states in the bulk material.This condition
is not incorporated by the CFL

In order to identify J in dependency on thebulk
stress, the elastieplastic half-space model which
was used in[9] has to be enhanced. Se@
describes ths half-space model andprovides,
additionally, an implementation that considers
the surface smoothingas a function of thestrain
hardening and bulk stresses. That followed, an
experimental setup is describedin Sec.3, which
enables the determination of the surface
smoothing in dependency on the tensile stress in
the bulk material. Sec. 4 describes the
subsequent validation and calibration of the
half-space modelusing the experimental results.
In Sec4 the newly developedCFLis described.

2. NUMERICAL MODEL
2.1 Elastic Half-Space Model

The contact between rough surfaces is anulti-
scale problem. Hence, theinvestigated surfaces
have to be large enough to be representative.
Moreover, the surfacediscretization has to be
very fine. The finite element method is a viable
method for such a challenge due to its
universality, as shown in[[11],[12],[13]].

However, a halispace model is preferred
because such a modebnly needs to solvethe
contact problem at thetwo-dimensional surface
boundary [14]. Hereafter, the complexity of the
half-space model is much lower than the one of
the finite element method.

The elastic halfspace model is based on the
work of Tian and Bhushan[15], which is a welt
established method for the contact simulation
between two linear elastic bodies. The surface of
each body is discretized intoNx p Ny = M
elements on a regular grid with element size 2

p bdrig. 3 illustrates an example withNy p Ny =

T p o Al AT AT O& in&ldiectidd E A
andLyin y-direction.

2a

y —

Yy

Fig. 3. Top view of discretized surface

The surface deformation is defined bythe
following three equations:

M Q Q o0 o6h (4)
n teodtco to t0 h (5)
0 6 tna (6)

Eq. (4) determines the gap gk of the surface
element k in dependency on the maximum
height hmax Of the rough surface, the local height
hk of elementk, the local surface deformatioruy

and the global body approach us. The
interrelationship between the variables is
shown in Fig.4.

The condition of equilibrium is defined by Eq.
(5). The latter shows that he mean contact
pressure pmean acting on the whole discretized
arealy p Ly has to be in balance with the sum of
the local contact pressure p.. The contact
pressure pkx is nonzero only for the elementsl
that are in actual contact.
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Fig. 4. Definition of notation for gap equation

The surface deformation atk due to the load at
element| is describedby Eq.(6), which is based
on the analytic Boussinesq solution[16]. The
influence coefficiert matrix Gq is:

p Q, Q-
— —o~h 7
“ 'd ” ( )

where the effective elastic modulusE* is defined
as:

&

PP p -

- | 8

S o o (8)
with Eanda AO 91 01 ¢c60 11 AOI

ratios of the contacting bodies, respectively. In
addition, the distance between the load point
and the field pointk is givenby:

w w - 8 (9)

Love presented in[17] a solutionto Eq.(7):

o P .. W 0w
0 = 0l ——
o o 0 o
LW 0w
wl |
W 0w W
(10)
NN 7/ g U
ul |
(] g U
LW 0w W .
wl | h
w 0w
with
® o d¢h ® o ¢h (11)
and
®w O Gh ®w O 6B (12)

The contact occurs neither with penetration nor
with adhesion. Therefore, the system which
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determines the surface deformation, i.eEgs. (4)
to (6), has to be solved in conjunction with the
complementarity conditions, which aregiven by
the two equations

Q 1h n QN O (13)
and
‘Q mh n Qe "Oh (14)

where I is a setincluding all elementsthat are in
contact.

As it is described in detail by Allwood ir{18], the

nonlinear contact problem for elastic contact is
efficiently solved for the targetpmean by usingan

active set strategy in combination wih the

conjugate gradient method.

2.2 The Elastic-Plastic Half -Space Model With
Work Hardening

The elastic contact model isextended to an
elastic-plastic contact model by limiting the local
contact pressure px by the surface hardness of

e SRTEmBIE BYTR -

n ‘Oo pBH8
According to Bowden and Tabof19], H depends
on the yield strengthAy with:

0 cat, 8

In addition, the surface displacementux is
divided additively into an elastic surface

(15)

(16)

displacement uqx and a plastic surface
displacementupi,
6 O O 8 (17)

The determination of the plastic deformation for
Pmean IS performed after the evaluation of the
solely elastic solution for the sam&mean As it is
described in detail in[20], contact elements with
a local contact pressurehat surpasses the local

hardnessHiAOA AAAAA @A O&h OBl AOK

p« is defined as
n 08

That followed, the deformation upik, due to the
elements in the plastic setas well as its resulting
load pp are determined. The gap equatiorf{4) is
reformulated by:

Q Q Q 6 06 j

(18)

6h (@9

which has to be solved for an updatedmean
subtracted by po. The plastic surface
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displacement has to be determined iteratively,
until the elastic solution and Egs. (17) to (19)
are converged.

The hitherto described model considers ideal
elastic-plastic material behavior with a constant
hardness. The nextextension of the contact
model aims to model the plasticity with the
Hockett-Sherby hardening law[21]. This non
linear hardening function describes Ay in
dependency on the true strairras.

tAg® t- h
where the initial and infinite yield strength are
denoted by Ao and Ay, respectively, andthe
curvature multipliers are denoted byansand bys
The reference heightt is necessary to determine
Rof a surface element, since the actual length of
an element in a halspace model is infinite.

Inspired by Hol[2] the true strain r¢ of elementk
is definedas.

(20)

” ” ” ”

- 1 1p (21)

where the characteristic lengthl is assumedto
be equal for each surface element.

Further, the contact model also considers
volume conservation based on the experimental
results of Pullen and Williamson[22]. As shown

in Fig. 5, the volume which is displaced due to
the plastic deformation of the surface asperities
is evenly added to the surface valleys which are
not in contact.

deformed
asperity

mean of
surface line

height increase due to

volume conservation tool

discretized

surface line

[TTETTTT

Fig. 5. Definition of 1 and example for volume
conservation.

This contact model solves the contact problem in
dependency on the interfacial pressureHowever,
it does not take into account the stress and strain
condition in the bulk. Three-dimensional contact

models which are based on the Boussinesq
solution and take into account such stress and
strain rates have been proposedor example by
Jacq et al[23] for rolling contact, AT A AU

al. [24] in combination with a von Mises yield
criterion. According to Johnson[25], there exist
three different contact zones, this being the
elastic zone, the elastiplastic zone and the full
plastic zone. Contact models such as the ones
presented in[[23], [24]] are especially suited for
the elasticplastic regime[26].

As the contact loads are very large in the
following experimental setup, the focus of this
study is the fully plastic regime. Thisallows to
apply the presented contact model and brings
the advantage of reduced numerical effort. The
disadvantage of the simplified contact model is
the inability to directly take into account bulk
stresses Therefore, the surface hardness ialso
expressed in dependency on thbulk stress:

r‘] ” r‘] .t.u

T [ i v A°
The latter is a relation motivated by the Tabor
equation [27]. The tensile stress is denoteby A
and the parametersy A1 Aarerfactors whichare
identified in Sec. 4.2.

(22)

3. EXPERIMENTAL SETUP

A test rig was developed to determine the
roughness smoothing in dependency OMPmean
and the bulk stressAx. It is shown inFig.6.

l pmean
Die

N
‘I Y

Workpiece material

X

3]
i

Fig. 6. Experimental setup

The workpiece material, with the dimensions
300mmx30mm and an initial thickness of
2mm, is clamped on both sidesThe bulk stress
Ax is applied on the workpiece material in x-
direction. The valuesof A, are proportional to Ao
of the investigated material and variedrom O to
1.0tAo in steps 0f0.25tA0. These values guarantee
a broad investigation of the prestrain on the
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surface  smoothing. The bulk stress is
superimposed by pmean, Which is applied due to
the movement of the upper punch in zdirection.
The chosen values forpmean depend on the
material. The experiments were conducted using
DC04 and DP600 with kectrical discharge
texturing (EDT) surfaces. For DC04 pmean took
the values100, 250, 500 and 750 ¥ 1 | 6 8
yield strength of DP600 is more than twice as
high asthat of DC04the value1000. T i [was
also included in the experiment withDP600. The
analysesare realized without using a lubricant
between punch and workpiece By doing this,
the influence of lubrication, like viscosity, is
avoided. Toensure a dry contact condition, the
workpiece surface was cleaned with acetone.
The surface texture before and fer the
experiments were measured using theconfocal
laser scanning microscopeKeyenceVK-X200. An
area of 2.63mmx2.81mm was measured to
guarantee stable roughness values.
measurementswere performed with an objective
lenswith an opticalmagnification of 20x.

4. RESULTS
4.1 Experimental Results

In order to validate the numerical results, the
surface smoothingas a functionof the nominal
contactload and the bulk stresswas determined
experimentally. Exemplary topographies are
illustrated, to investigate the smoothing
gualitatively. The surface smoothing s
quantified by means ofR._ret This value is the Ra
value after forming referenced to the initial

average roughness value of the DCO04 blanks

which amounts to 0.94m0.01A | &hus, the

smoothening is investigated using the change of

the average roughness value.

Fig. 7 shows the impact of using different pmean
on the topography of a DCO04 blankwithout
applying an additionalbulk stress. An increase of
the nominal contact load from 250. 71 i 0
750. ¥ii6 1 AAAO Ol
the surface The higher the load the higher the
flattening is. This qualitative correlation can be
verified by comparing the referenced average
roughness valuesseeFig.8. A high value ofpmean
results in higher smoothing of the surface. A
significant decrease ofR, retCcan be observed for
OEA 1T AA OAl1 OAO CULUT
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The

750. Tii 68 9AOh A AILTOAAO
leads to only a slight flattening of the surface.
The nominal contact load of 100. ¥1 i 6 EO
high enough to significantly plastically deform

the material. All in all, it can be stated that the
application of just a nominal contact loadand
thus a uniaxial stress state leads to aignificant

I GreightErdduction of the roughness peaks and,

thus, to an increased smoothing of the surface.
Additionally, the dimension of the height
reduction is highly influenced by the anount of
the applied load.

c)

e

‘%

.O pm

Q

=

o

£l

Topography (DCO4 (, =2 mm))
Confocallaserscanningmicroscope 1s 2.5um
Objective 20x lc 0.8 mm

Fig. 7. Topographies of a) an initial DC04 blank, b)
the surface after applxing a Qominal contact load of
by250. i1 6 AT ATAQoxvum

1.2
DCO04 (= 2.00 mm)
T 10 o | x u
3

0.8 ] 3 "
x_ 0.6
oF 0.4 X . 1 -

0.2 |¢

0.0

mMAD mM8cAYy MBUAgTTO XAy pB hg O
Bulk stress—»

Roughness
Confocallaserscanningmicroscope

Lens 20x r]Measurements 3
1s 2.5um

lc 0.8 mm

Nominal contact pressure peqnin N/mma2

100 250 500 750
] ] ]

*Referencedto initial surface
roughnessof DC04

Fig. 8. Average roughness values idependence on
bulk stress and nominal contact load referenced to

Gniftial surface roughness for DC04.
A OECTEAZEAAT O Oil11O0EETC

| A
The combined application of a nominal contact
load and a bulk stress additionally influences the
surface smoothing. Thus, the flattening of the
surface & strengthened due to the application of
an additional bulk stress.However,the influence
of the applied bulk stress is not as distinctive as

the prie pf ¢hA nominat gentactAcadi
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An increase of he applied bulk stress leads t@a
slight decrease of theR. fvalues. For a nominal
contact load of 500. 7i I 6 R)&E Aalue
constantly decreases from 0.44u0.01A |
Otko to 0.36MO0.0LA | AEitAQ Thus, the
flattening of the roughness peaksncreases with
increasing bulk stress valuesdue to the two-
dimensional stress state The same tendencies
are valid for the other investigated nominal
contact loads.

Additionally, Fig. 9 shows the topographies of
DCO04 blanks for a nominal contact load of
250. T i | dith varying bulk stresses. The

topographies verify the results of the
quantitative investigation using Ra_ret It can be

observed that an increase of the bulk stress
leads to a more flat profile of the roughness
peaks.

a) b) c)

Profile depth
3 [l

o

Topography (DCO04 (i, =2 mm))

Confocallaserscanningmicroscope 1s
Objective 20x lc

2.5um
0.8 mm

Fig. 9. Topographies after application of 250 71 | o
nominal contact load for a) 0%, b) 50% b) 75 % bulk
stress.

Fig. 10 depicts Rarr for DP600. It can be
observed that Or pmean = 100 and 250. ¥ i | ¢
and all bulk stress valuesio significant decrease
of Re ref is provided. It should be noted that
DP600 has a highetyield strength than DCO04.
This is clarified by Table 1 and Table 2, which
show the HockettSherby parameters for both
materials. Consequently, aspmean = 100 and
250. ¥ I [ abe low, no significant flattening of
the roughness peaksare observed For the
higher pressure values of 500, 750 and
1000. T i | @nd all investigated bulk stress
values a decrease of roughness with increasing
load and bulk stresscan be observedThus, for
high contact loads and bulk stresses the
experimental results obtained for DP600 are
similar to those obtained for DCO04.

Comparing DC04 and DP600, differences are
given by the degree of change. Th, e values
for DCO04 are lower than for DP600. Thus, the
surface smoothening of DCO04 is higher than that

Al

of DP600.The Ry ref value for a nominal contact
load of 500. ¥ 1 i 6 AT 1 AET AA xEOQOE A
of Otko exemplary amouns to 0.44m0.01 for

DC04. The Ryt for DP600 has a value of
0.88m0.03. Thus, thereduction of roughness for

DCO04 is twice as highthan the one for DP60O0.

This can be explained by the different material
properties. The initial yield strength of DC04

amountsto 185. i i 68 4EA OAI OA £l
much higher and amounts to 385. 71 | 6 8
According to Eq. (16), the hardness is

proportional to the vyield strength. Thus,
smoothing of the surface is stronglyinfluenced
by the material properties.

1.2
pm
T 0.8

3 |
] ¥
x 06 [ " _
+0.4 1 E
02 ' DP60O (1, = 2.00 mm) T

M AOQTN 8 Ay mMB vAg 1B XAy p 1A O
Bulk stress —»

Roughness
Confocallaserscanningmicroscope

Lens 20x n 3
1s 25“m Measurements

lc 0.8 mm

Nominal contact pressure peanin N/mm?2

100 250 500 750 1000
] [ ] [ ]

*Referenceduo initial surface
roughnessof DC04

Fig. 10. Average roughness values in dependence on
bulk stress and nominal contact load referenced to
initial surface roughness for DP600

All in all it can be stated that the smoothing of
the surface is significantly influenced by the
applied bulk stress the rominal contact loadand

the workpiece material. An application of a
nominal contact load on prestrained workpiece

material leads to an increase of the surface
smoothing in comparison to the application of
just a nominal load These experimentally
determined values validate the results of the
numerical investigation in Sec. 4.2.

Table 1. Hockett-Sherby parameters for DC04

Parameter Value
Ko pyuv . FIil0o
Ky vxx .FXIT16
aHs 21771
brs 0.6667
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Table 2. Hockett-Sherby parameters forDP600.

Parameter Value
Ko opuv . Tiloé
Ky prmom . ¥
aHs 2.30
bus 0.6667

4.2 Numerical Results

The surfaces for the contact simulation were
measured with a laser microscope Keyence VK
X105. The measured surfaces withy ® ¢ 8 ¢ 0

Both the simulations and the experiments
approachR: ® m8p w RH 18l £ O EEC
contact loads, which isin the magnitude of the

tool surface. Furthermore, the surface roughness
diminishes with increasing Ax. The differences
between the simulation and the experiments are
negligible for Ax S TT&VLFAIOAK € TR/ UL T
discrepancies are observable for pmean = 250

. ¥ 1 1. part from this, the comparison
indicates a very high agreement between the
experiments and the simulatons.

The results of DP600 also highly agree The
cpmparison is shown inFig. 21 to Fig. 30. In

andNy P ocwnmn BT ETOO08 )1 |1

simulations in reasonable time, all surfaces were
sampled down to Ny = Ny = 256 with Ly = Ly =
2.56 mm, which is similar to a low pass filtering.
The transformation alters the surface roughness
of the DCO4blank to R, = 1.089t | and Ry =
1.3291 |, and of the DP600blank to R, = 0.907
tfandRy ® p8p myx pharaneeterstd fe
tool surfaceare Ry E 1Tt 8 p Gagd Rf =l 0.154

t [. The tool surface is considered solely elastic,
whereas the DC04 surface as well as the DP600
surface are modelled elastiglastic with the
Hockett-Sherby hardening law. Table 1 shows
the parameters for DC04which were identified
by Schmaltz with the help of biaxial test$n [28].
Table 2 provides the parameters for DP600Q
which are based on the flow stress curvgiven
in [29]. The remaining material parameters are
E = 210000 . 7i [ @ad & = 0.30 for every
contact partner. The characteristic length was
set tol E Ry In order to determine 1, Ry is
evaluated with the added height field of both
tool and workpiece. The bulk stress Ax is set in
dependency on the initial yield stress of the
workpiece from 0 OT Ao B Bt€ps of 1 8 & O
The maximum nominal contactioad constitutes
750 . ¥ i [ and 1000. ¥ 1 | for the DCO4
surface and the DP600 surface, respectively.
The normal load is always applied
incrementally in steps of 10 . 71 I. @he
parameter 1 is set to 2.8 because Eq. (22)
reduces to Eq.(16) for Ax= 0. T 1 I. Binally,
the last parameterr is equal t02.3.

The change of R, and R, for DC04 are shown in
Fig. 11 to Fig. 20. These figures depict a
comparison between the results of the
simulations and the experiments.

170

pevae they simulgtigns gndghe experigents
are negligible in the whole range fromAx = 0 to
AX:AO-

All in all, the results indicate the ability of the
contact model to successfully determine the
surface smoothing in dependency on the
nominal normal load and the tensile bulk stress.

1.2
10 = ! —_— simul:fltion
i 0.8 - experiments
-E‘ 0.6
< 04
0.2 3
0 100 250 500 750

B 2
Pmean 1 N/mm

Fig.11. R, of DC04surface with A= 0.

1.2
1.0] — simul:_:ltion
g 0.8 - experiments
= 0.6
< 04
0.2
0 100 250 500 750

. 2
Pmean 1M N/mm

Fig. 12. R, of DCO4surface withAxE  Tt&¢ v O

1.2
1.0 = — simulation

- experiments

E 08 ¥
E 06
< 04

0.2

0 100 250 500 750

z 2
Pmean M N/mm

Fig. 13. R, of DCO4surface WithAxE  TT&Uu O
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1.2
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1E“a.. 08 - experiments
% 0.6
= 0.4
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0 100 250 500 750

; 2
Pmean in N/mm

Fig. 14. R, of DCO4surface WithAxE T &X v O
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% 0.6
= 0.4
0.2
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; 2
Pmean in N/mm
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Fig. 16. Ry of DCO4surface with Ax= 0.
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Fig. 17. Ry of DCO4surface WithAxE T &.C v D
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Fig. 18. R, of DCO4surface with AxE 1T &.L T 0
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Fig. 19. Ry of DCO4surface withAxE ~ Tt&.X U O
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Fig. 20. Ry of DCO4surface with Ax = Ao.
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Fig. 21. R, of DP600surface withAxE A& O
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Fig. 22. R, of DP600surface with A&xE 11 &.¢ U D
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Fig. 23. R, of DP600surface with Ax = 0.50%,.
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Fig. 24. R, of DP600surface withAx= 0.7v 3.
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Fig. 25. R, of DP600surface with Ay = Ao.
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Fig. 26. Ry of DP600surface with Ax = 0.
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Fig. 27. Ry of DP600surface withAxE  TT&.¢ u O
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Fig. 28. R, of DP600surface with Ay = 0.503,.
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Fig. 29. R, of DP600surface with Ax= 0.7v .
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Fig. 30. Ry of DP600surface with Ay = Ao.

4.3 Proposal Of A Modified Friction Law

In this section the CFLis extendedbased on the
results of Sec0. The CFLdescribes the resulting
friction shear stress with Eq. (1) in dependency
on J. The identification of | is easily derived
with the half-space modeland simpler than an
experimental identification.
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Fig. 31. Fraction of real contact area for DC04

Fig. 31 shows the contact ratio for DC04as well
as a curve fit which is definedy:

‘J‘

:

olo

(23)
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Therewithh EO 1710 111U A A0O01AQET 1 I £ OEA
normalized normal load pmeadHo, but also a

function of the normalized current hardness

H/Ho and the normalized bulk stressA«/Ho. The

parametersa, bi, ¢, d; and e; are identified with

the least squares method and shown in Table 3.

Table3.#1 AEEFEAEAT OO A1 O | £ O ET EOEAI I T OAAOD

Material Coefficient

ai b1 C1 di e
DCO04 20 0.382 | 0.684 | 2.295 | -0.264
DP600 20 0.386 0.617 | 3.0976 | -0.216

The contact ratio for DP600 and the
corresponding curve fit are shown inFig.32.

As already mentioned, the friction model is able Fig.32. Fraction of real contact area for DP600
to consider unt/reloading. In order to retain this

explicit feature, Eq.(3) is analogously to Eq(2)

enhanced to

NP . .0
OAT E— 1t — t (24)

ti n ROk  h
where | (pn,HnAxp) is the share between the real
contact area and the apparent area. The latter
occurs at the maximum contact pressuren of
former contacts. The hardnesdH, and the bulk
stress Axn also describe the condition when the
maximum contact pressure takes place. The Fig.33. ) for DCO4andAxE At O
parameters in EqQ. (24) are also evaluated
numerically and shown in Table 4. It must be
noted that Eqg. (24) does not depend on the
normalized bulk stress, since the coefficient of
fdHoB m Al O AT OE $#nt AT A $0¢emnmn8 ! AEI EAA 1T £
four examples showing the conformity of Eq.
(24) is presented inFig. 33 to Fig. 36. Fig.33 and
Fig.34 OET x | /&l O «3$Mandm 8wHEOE £
respectively. Besides initial contact, un
Ireloading with p, OAT CET ¢ £OT 1T pnm . 7116 OI
vnm . ¥ii 6o ET OOAPO 1T &£ pnmn .7ii 6 EO AAPEAOAAS
Fig.35andFig.36 OET x | /& O $0¢nm xEOE K
0.¢ v oakd 1T 8 X oV rBspectively. The maximum
historic pressure ranges for DP600 from 100
. ¥ 1 it®700. ¥ I lirdstepsof 100. 71 i. 0 Fig. 34. for DCO4 andAxE T &.L D

Table 4.# 1 A EAEAEAT O&eloming. 4 & O Ol

Material Coefficient

a b2 c2 do

DCo04 3.069 0.618 0.765 1.811

DP600 2.368 0.710 0.722 1.688
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