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Abstract The polishing pad is one of the most significant

components within a polishing system. It influences both

the material removal rate and the surface finish. Further-

more, the wear behavior of the polishing pad is responsible

for the shape accuracy. Nevertheless despite extensive

research activity in recent years, there are still gaps of

knowledge in terms of the working principle of a polishing

pad. In this paper, the contact behavior of a polishing pad

(polyurethane foam) with the workpiece surface is exam-

ined. For this, the polishing pad is modeled using a finite-

element modeling (FEM) program and the deformation by

pressing it against the rigid workpiece surface is investi-

gated. Consequently, the local tensions are calculated,

which are the basis for the penetration depth and therefore

also for the material removal rate.
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1 Introduction

The polishing pad with its properties influences the per-

formance of the polishing process and therefore the

polishing result. During the process the pad shape and

consequently shape deviations caused by wear are imaged

to the workpiece surface [1]. In order to realize the required

shape accuracy for optical applications, the mechanisms

causing pad wear must be understood. Pad wear, however,

only takes place when there is a direct contact between the

soft pad and the hard workpiece. Therefore, the contact

behavior with the workpiece has to be investigated and

models focusing on the pad-workpiece interface have to be

developed. Based on these models, the working principle

of polishing pads can be described and measures reducing

pad wear can be derived.

2 Modeling of contact geometries

Tribology theory states that tribological systems consist of

active surface areas acting in pairs. In micro geometry

terms, when the technical surfaces of two components

come into contact with each other, a series of discrete

micro contacts can be observed, where deformation takes

place due to the normal load FN. Therefore, it is important

to distinguish between the apparent contact area A0, which

can be calculated on the basis of geometrical data, and the

actual, much smaller contact area Ar. The real or actual

contact area is fundamental to all tribological systems like

in this present case of investigation, where friction and

wear processes take place (Fig. 1).

When this theory is applied to polishing processes, the

contact behavior between the workpiece surface, the pol-

ishing pad and the abrasive particles embedded herein

become relevant for the process of material removal. The

contact geometry determined on the basis of the Theory of

Elastic Contact Deformation developed in the nineteenth

century by Hertz has been modified by Archard [2],

Greenwood and Tripp [3]. In comparison to the rough

surface of the polishing pad, the workpiece can be regarded

as an ideal smooth surface, in which case the Greenwood–

Williamson model can be applied [4]. This theory describes
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the contact geometry between a smooth and a rough sur-

face subjected to a normal load FN. Based on this model,

the real contact area Ar can be calculated:

Ar ¼ p � v � A0 � rK �
Z1

u

ðhR � uÞ � UðhRÞdhR ð1Þ

In this equation, v represents the total number of asperities

per unit area, A0 the nominal (apparent) contact area, rK the

mean (average) radius of asperity, hR the height of asperity,

and u the mean (average) distance between rough surface

and smooth workpiece surface. The function UðhRÞ rep-

resents the distribution density function of the asperity

ordinate values.

This equation has provided the basis for numerous sci-

entific investigations of the contact behavior as a part of the

polishing process [5, 6]. The average local applied pressure

pr can be calculated using the real contact area determined

in (1) and

pr ¼
FN

Ar

: ð2Þ

Here, FN is the normal load applied to the entire surface.

Alternatively, FE models can be utilized to simulate the

contact behavior of the workpiece.

The FE model is based on a digitized section of the

polishing pad topography. The data was gained by using a

chromatic sensor mounted on a precise positioning device,

which allows a non contact measurement of the surface

topography. Subsequently, this data is processed in such a

way that it can be entered into the relevant FEM program.

Figure 2 shows a section of FEM mesh from a digitalized

polishing pad.

First, in order to simulate the contact behavior, the

workpiece must be regarded as an ideal rigid and smooth

body, while the polishing pad is assumed to have visco-

elastic properties. Later, in order to investigate the

material stress and deformation caused by the penetrating

grains, this restriction will be lifted and the workpiece

will be regarded as elastic. When subjected to external

pressure, the internal stress in viscoelastic materials does

not increase abruptly as in the case of elastic materials

and the stress–strain curve does not correspond to

Hooke’s Law. Therefore, the Mooney–Rivlin model [7]

has to be applied, which is based on the postulation that

the energy is independent of the applied coordinate sys-

tem. These three fundamental invariant strain functions

are designated I1, I2 and I3, and represent the length, area

and volume respectively (I3 = 1 for an incompressible

material). The energy function WV (required deformation

energy) is given by

WV ¼ c10 � ðI1 � 3Þ þ c01 � ðI2 � 3Þ þ 1

dic

ðJ � 1Þ2 ð3Þ

whereby c10, c01 represent the material constants describing

the deformation, dic the material incompressibility param-

eter, and J the determinant of elastic deformation gradient.

Furthermore, Young’s modulus and Poisson’s ratio are

needed in order to determine the deformation behavior of

the polyurethane pad.

The model illustrated in Fig. 2 and the subsequent

contact simulation are used to determine the real contact

area in relation to the apparent contact area for two

exemplary polishing pads with different Young’s Moduli

(Fig. 3). This clearly demonstrates that, despite the use of a

relatively soft polishing pad in comparison to the hard

workpiece surface, the contact area only represents a

minute proportion of the apparent area. The real contact

area in the example shown here, does not exceed 1% of the

apparent contact area despite the relatively high applied

pressure (3 bar). Equation (2) also describes the pressure

that results in the real contact area. The extremely small

contact area leads to the generation of very high-localized

surface pressure, far greater than the original globally

applied load. The points of high pressure occurring in the

contact areas of the polishing pad are responsible for the

point of contact a

real contact area Ar = a1 + a2 + … + an

apparent contact area A0 = b · t

Ar << A0          Ar = f(FN, flow stress kf)

width b

depth t

Fig. 1 Contact ratios in the working gap
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normal forces generated per grain. These ultimately

determine the flow stress in the workpiece surface.

Figure 3 illustrates the normal forces that occur in a typical

3-lm long pyramid shaped diamond grain. The use of a

diamond slurry in combination with polyurethane foam as

a polishing pad is based on extensive experiments con-

ducted in order to determine the surface interactions in

steel polishing [8].

This model highlights the fact that the external load is

fully transmitted into the polishing pad. If polishing

grains are present in the contact zone, these are subject

to a normal load (Fig. 3). Assuming that the polishing

pad is not ‘saturated’ (i.e., the maximum density of

abrasive particles has not been reached), the normal

forces depend on the polishing pad properties such as

surface topography, roughness and the modulus of elas-

ticity rather than on the number of polishing grains in the

contact zone.

It has to be considered that the presented model only

applies to static conditions. During the polishing process

the surface of the polishing pad is not permanently in

contact with the workpiece, but is subject to an alternating

load. Under dynamic conditions, both the elastic and the

viscous material properties are relevant. The polishing pad

in the contact zone is also subject to tribological loads,

which in turn changes the surface topography. This

dynamic behavior has not been considered by the calcu-

lations shown in Fig. 3.

The results for normal load per grain as depicted in

Fig. 3 do, however, draw attention to the fact that the

normal load is very small in comparison to the globally

applied load—it lies within the range of nanoindentation

processes. This emphasizes the fact that the material

properties on the surface are relevant to the polishing

process, not the properties in the material underneath the

surface. Furthermore the surface properties can differ sig-

nificantly from those of the underlying material.

3 Analysis of polishing depth

In order to mechanically remove material from the work-

piece, the abrasive particle (here modeled as a rigid

pyramid, Fig. 3) must penetrate the surface of the material.

This process is driven by the normal load fN acting on the

individual particles, which can be determined through

contact modeling and reaches the orders of magnitude

depicted in Fig. 5. The polishing depth allows us to esti-

mate the extent of material removal. This depth depends on

external factors, such as Young’s Modulus for the polish-

ing pad or the applied surface loads (Fig. 3) as well as on

the underlying material hardness and grain geometry.

The resistance to a harder object represented by the

material hardness is defined as follows:

H ¼ fN
aR

ð4Þ

whereby aR is the cross-sectional area of the penetrating

part of the grain. aR can be used to determine the pene-

tration depth h as a function of the inclination a (Fig. 4).

The compressive stress in the contact area shown in

Fig. 3 results in a normal load per grain of approx. 1.0 mN

for a polishing pad with a Young’s Modulus of EB1 = 50

MPa. The polishing depths relative to the inclination a, the

normal load and the hardness are illustrated in Fig. 5. The

material hardness values used here were determined by

nanoindentation processes.

It also becomes clear that the inclination of the abrasive

particle has the most significant effect on polishing depth

while increased hardness or greater normal loads per grain

have a relatively small effect. These diagrams also show

that the processes relevant to material removal mainly take

place within the first 300 nm of the boundary zone. Con-

sequently, the physical and chemical properties of the

boundary zone are pivotal to the polishing process.

Detailed investigations on the surface interactions in steel

polishing were published by Dambon [8].
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4 Analysis of material stress

During polishing, both the normal load component,

responsible for the penetration of the abrasive particle into

the workpiece surface, and the tangential load component,

responsible for sliding movement or yielding, must be

considered. Both load components generate flow stress,

which manifests itself in the form of pressure, tension and

shearing. This loading leads to elastic and plastic defor-

mation, and to material removal. A matter of particular

interest is the relationship between the localized stress and

the yielding point and the material fatigue limit respec-

tively. Likewise, a microphysical analysis of the shearing

stress in the sliding system and at the points where micro

cracks form is important [9]. The plastic deformation and

the resulting material hardening changes the mechanical

properties in the boundary zone. The occurrence, whether

plastic flow will take place by identifying both the stress

distribution on the workpiece and the equivalent stress can

be determined.

Figure 6 is a schematic diagram of the load transmission

conditions. While elastic contact (Hertzian contact) results

in elliptical stress distribution, plastic contact leads to a

constant pressure distribution. Owing to the ductile mate-

rial properties of steel and the corresponding material

plastification in the contact area, the subsequent analyses

are to be based on a constant pressure distribution. Fric-

tional shearing stress is superimposed onto this contact

behavior in order to model the dynamic contact due to the

relative movement between the polishing grain and the

workpiece surface. In comparison to purely normal loading

under the same conditions, this dynamic model is subject to

increased flow stress distributed asymmetrically in both

materials.

The calculations carried out in the following stress

analyses are based on the Hertzian equation and the

described contact geometry model. The stress distribution

for a uniform stress state during plastic contact with

superimposed frictional shearing can be calculated by

equations as provided by Wuttke [9].

Figure 7 shows the curves for the stress components ry

and rz for steel with a Poisson’s Ratio of m = 0.3 under

normal loading (l = 0) and with superimposed normal and

tangential load components. The stress and lengths are
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given in relation to p0 and a. The maximum shearing stress

curve is calculated as follows:

smax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ry � rz

2

� �2

þ s2
yz

r
¼ k ð5Þ

whereby k is the shearing yield stress that is linked

experimentally via a uniaxial tensile test according to

Tresca’s yield criteria to the tensile yield stress rF [9]:

rF ¼ 2 � k ð6Þ

Considering the curve for maximum shearing stress s it

becomes evident that under purely normal loading, the

maximum stress is not found directly in the contact region,

but below the surface at a depth of -z/a = 1.0 (Fig. 7,

left). As friction increases, the point of maximum shearing

stress shifts successively to the surface (Fig. 7, right).

Regarding the friction load between diamond and steel

(with a friction coefficient of 0.1–0.2, according to [10]),

the analysis shows that the maximum stress is generated

below the surface.

These correlations along with the contact analysis allow

a quantitative estimation of the flow stress. The stress

generated on the basis of a normal load per grain

fN = 0.5 mN is shown in Fig. 7, and can quickly increase

to over 1,000 MPa. Only hardened steels with a slightly

higher tensile strength have a yield stress in this order of

magnitude. The yield stress of non heat-treated steels is

lower. This emphasizes the point that the yield conditions

can also be achieved in hardened crystal structures when

the normal and tangential loads are superimposed. Simi-

larly, half the contact width a was calculated using the

Hertzian equation and is included in the diagrams in Fig. 7.

In accordance with the diagram, the material loading rel-

evant for material removal during polishing is generated in

the first 150 nm below the sliding movement.

By viewing the lateral dimension of the stress curves,

the stress exerted on a unit volume of material at a specific

depth can be analyzed (Fig. 8). Here, it becomes clear that

the stress field is distorted towards the y-axis. Two shearing

stress peaks smax can be discerned at y = a and y = -a. In

other words, when friction is introduced, the maximum

load is generated directly in front of and behind the point of

contact. Observing stress rz, it also becomes clear that

transition from compressive stress to tensile stress takes

place directly below the surface (z/a = 0.05). It is impor-

tant to bear in mind that hardened crystal structures are

particularly susceptible to crack formation, which occurs in

the surface area directly behind the point of contact with

the polishing grain.

The maximum shearing stress is generated below the

surface when subjected to the material loading caused by

the polishing grain. The stress peaks would only arise at the

surface under friction coefficients higher than given in

literature for diamond and metal. Analysis in the lateral

dimension shows that the maximum load is experienced

directly in front of and behind the polishing grain. Material

removal therefore begins at the point of maximum shearing

below the surface and continues up to the region directly in

front of the polishing grain. The areas behind the polishing

grain are also of interest, as they are subject to tensile

loading, which can lead to an increased risk of crack for-

mation, particularly in hardened materials. A quantitative

analysis of the maximum shearing yield stress clearly

shows that the yield stress required for each material is

achieved even by very soft polishing pads with embedded

polishing grains. It also becomes apparent that the maxi-

mum material load which ultimately leads to material

removal extends down to a depth of approx. 100 nm.

Caution is advised here, since the quantitative analyses do

not consider the effects of hardening that occurs due to the

polishing grains plowing into the material. This could have

a significant effect on the results due to the changes in

material properties.

5 Summary and conclusions

In this paper, the contact behavior between the polishing

pad and the workpiece surface has been investigated using
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a FE model. The calculations showed that the real contact

area is about 1% of the apparent contact area. Therefore,

high-localized surface pressure occurs that determines the

normal force on a single grain, which in its order of

magnitude is comparable with nanoindentation processes.

Although the investigations were carried out for steel

polishing related research, some general conclusions can be

drawn. Especially the material properties of the surface

zone (up to 300 nm) are relevant and differ from the

properties of the underneath material. The material

removal mechanism in polishing can be described by the

penetration of the abrasive particle into the workpiece

surface and a following sliding movement or yielding. The

investigations showed that the penetration depth is signif-

icantly determined by the inclination of the abrasive

particle. An increased hardness or greater normal loads per

grain have a relatively small effect. Based on an analysis of

the material flow stress using the Hertzian equations it was

determined that material removal is initiated at the point of

maximum shearing below the surface and continues up to

the region directly in front of the polishing grain. Even

with soft polishing pads a sufficient amount of yield stress

enabling material removal is achieved.
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