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Prolog

Macht es scheinbar keinen Sinn, If you alwaysder why
dass die Schicht schon wieder hin, your coateegrss so shy.
dass ein Zahnrad schon defekt Shows fracturek quid fast
und das Schmierdl recht verdreckt, or delaminatésst.

So tut's oft dem Gewinne gut, Then might it hielpvin
wenn man vorher rechnen tut. if you throw a maalel
Abstract

In this paper it is shown that a completely anablttheory based on the extended Hertzian
approach together with additional considerationkinta into account the geometrical
conditions of a curved surface provide an apprognmaodel for the theoretical “simulation”
of a variety of asperity contact problems. This eloglields relatively fast and easy to use
tools for the analysing of contact problems arismgonnection with rough surfaces.

In this study the results are shown on the exampée3um-DLC-coating on a steel substrate
with asperities of about 100pum in diameter and 15peght. It is found, that — under a
general average pressure of 1GPa — the ideal fspigricontact situation would lead to
severe damage due to plastic flow within the stedistrate. On the other hand a rather

conforming contact situation appears to be comlyieten critical.

A Contact Model for Rough Surfaces

There is of course no problem to geometrically tmes all sorts of rough surfaces by

applying appropriate mathematical functions.
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Fig. 1: Simple example for two rough surfaces inantact (worst case situation).

Fig. 1 shows an example of two surfaces of equailioess in a mere “mathematical” contact
situation (point contact). The physical modellinfythis contact however, requires rather
comprehensive evaluations. These evaluation methatdsnot be topic of this short
overview. But it might be necessary to elaboratmes®f the basics in order to provide a
proper description about the mathematical procedueressary for a sufficiently accurate
explanation of how to theoretically simulate thal reontact situation.

So, simple sin-functions have been used in figo dnstruct a conform and homogenous
roughness model. As it can be deduced from fign the chosen contact situation, were only
the tips of the asperities are in contact, themeoisieed to consider more than one of those

“single contacts” (fig. 2).
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Fig. 2: Single contact.

As we are only interested in contacts within thaset regime, there will never be contact
radii filling the whole asperity area. Thus, defigiws(r) and w(r) as the normal displacement
of the sample-body {icounterpart of the contact pairing) and the inele(@ counterpart of

the contact pairing), respectively and denoting élverall approach with the letter h the

following governing contact equation can be given:

r.2 r.4 r6 r8

Ws(r)+w|(r):h—d—o—d—2—d—4—d—6-... (2)

which could be considered as an extended Hertzmmmoach [1] and [2]. For the single
contact shown in fig. 2 a good approximation of teatact-shape-function would be given
due to (L giving the asperity width, H... height ciparity):

L o S ¢\ _40320°
H7' 7% H#r''" ™ H#' Hm®

This also holds in the case of the rather confogn@iontact situation as shown in figure 3 as

d, de= 2)

long as the contact area does not exceed aboutoB@PR& asperity region. The thust then
read (X gives the factor between the deepeningtladsperity region, X> for X=1 the

asperity would fit perfectly into the deepening):
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Fig. 3: Single contact with conforming contact coditions.

However even higher degrees of conformity coularmelelled by simply adding more terms
to the extended Hertzian approach (1). The solutibtthis governing contact equation is
given in [1] for powers of r up to 8. The soluticomplete for the case of a half space,
which means, the potential function is given an& ttomplete elastic field (stress,
displacements, strains...) can be easily evaluatadowti any approximations. Here we

present only the resulting pressure distributiongagh the indenter:
N
Uzzo(r’¢)=zcanrnva2_r2 (4)
n=0

For higher powers of r the mathematical proceddrevaluating the potential functions is
presented in the appendix of [1]. As we here intalsd to discuss problems with surfaces of
higher degree of curvature it is necessary to raantihat in these cases the half space
approach might not be valid anymore. Assuming sytmmef revolution and applying the

method of potential theory it can be demonstratadver, that by denoting the surface shape
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function with Z(r) the resulting pressure distrioat beneath the indenter can be

approximated very well by the following expressions

G #) = ot IH[Z € *ar 17, 5)
Trzo(r,¢):—icmr”—“1+[2'(r)]*‘/aZ_rZ . (6)

Z'(r)
It is evident, that the shearing load,(r,#) has nothing to do with a frictional forces acting

in lateral direction on the surface but only occass a result of the geometrical surface
curvature. This becomes clear if we bear in mihdf the stresses above are still given in
cylinder coordinates, but the normal direction of ourved surface now is a function of r and

can not be given by the unit vector in z-direct@®nas we have done in the half space case

defined due taz=0.

Application to some Hypothetic Contact Problems

At first we consider the conforming contact sitoatiapplying the geometrical conditions
given in fig. 3. Assuming that over a sufficienthrge area (covering quite a few asperities)
the average contact pressure should be 1GPa wevedunate the load for one asperity under
the given geometrical (roughness) conditions (sgelf). We find for the contact situation
geometrically described in figures 1 to 3 the ldadbe p=10N. Though, in principle the
author has the means to perform the evaluatiotaef@red materials correctly [3, 4] here we
use effective monolithic material parameters ineord simplify and shorten the calculation
process. It can be deduced from similar investgeti[5], that the error is small, when the
ratio of contact radius to coating thickness iatieely big, as it is here. The resulting surface

stress distribution (with X=1.2) is given in figude
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Fig. 4: Resulting stress distribution for a singlecontact with conforming contact conditions accordig to
fig. 3 (red line). For comparison the equivalent Hezian pressure distribution (same load) is

given, too (black dashed line).

In order to find out whether this pressure disttidnu might be dangerous for a system 3um
TiN with 400GPa Young’'S modulus on steel (220GPa&) evaluate the von Mises stress
along the x-z-plane (fig. 5). Clearly we detect siarp leap along the interface. The stresses
are well below typical critical yield stress valuet 3.5GPa for rim hardened steel and
>15GPa for most DLC hard coatings. Thus, the conilog contact situation appears to be no

problem for the given material combination understhgeometrical conditiohs

! 1t should be pointed out, that the conclusionuatibe non critical state of the conforming contsitiations
can of course not be drawn from the results forube Mises stress only. All field components shobkl
considered, which the author in fact has done,hHeuprefers not to present more results in ordeéeetp this
study short and because they do not add much tortidem.
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v.mises-stress in GPa
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Fig. 5: Resulting von Mises stress distribution foa single contact with conforming contact conditios

according to fig. 3. The evaluation has been perfared using a prototype of the Software

“FilmDoctor” [6].

The picture changes completely if we are goindneodontact situation described due to fig. 2.
Certainly, now we obtain a very Hertzian surfacess distribution (fig. 6), but with much
higher absolute values. The subsequent evaluafidgheovon Mises stress, shows that the
assumed DLC-coating-steel-substrate compound caer ngurvive this type of contact

conditions (fig. 7).
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Fig. 6: Resulting stress distribution for a singlecontact with ideal asperity tip contact conditions

according to fig. 2 (red line). For comparison theequivalent Hertzian pressure distribution (same

load) is given, too (black dashed line).
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Fig. 7. Resulting von Mises stress distribution fio a single contact with ideal asperity tip contact
conditions according to fig. 2. The evaluation hadeen performed using a prototype of the
Software “FilmDoctor” [6].

Conclusions and Outlook

It has been shown that a completely analytical mhdmased on the extended Hertzian
approach together with additional considerationkinta into account the geometrical

conditions of a curved surface provide an appréopnmodel for the theoretical “simulation”

of a variety of asperity contact problems. This elogields relatively fast and easy to use
tools for the analysing of contact problems arismgonnection with rough surfaces.

In this study the results were shown on the exangble 3um-DLC-coating on a steel
substrate with asperities of about 100pum in diamatel 15um height. It was found, that —

under a general average pressure of 1GPa — theadperity tip contact situation (fig. 2)
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would lead to severe damage due to plastic flowhiwitthe steel substrate. A rather

conforming contact situation on the other hand @igappeared to be completely non critical.

A more systematic investigation also including intediate contact situations (contact along

the inclined faces of the asperities), and frictivsauld be necessary in order to find an

optimum roughness and/or coating thickness accghglifitted to the industrial demands of

the later application. The “optimum search” shoaldo include economic parameters like

cost for surface roughness reduction and cost peof.coating thickness.
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