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Experimental Investigation of
Fully Plastic Contact of a Sphere
Against a Hard Flat
In this paper we report the experimental investigation to evaluate the published models
for the contact of a deformable sphere against a hard flat in the fully plastic contact
regime. A new measurement method has been used to measure the contact area. The
behavior of the mean contact pressure and the contact area as a function of the contact
load are presented. Substantial differences are found between the measurements and the
model predictions. A constant value of the mean contact pressure as the load increases is
observed, however, the value is lower than the hardness, as often reported. The contact
area is found to be a simple truncation of the sphere by a hard flat.
�DOI: 10.1115/1.2164470�
1 Introduction
Depending on the contact situation, in the case when two nomi-

nally flat surfaces are pressed against each other, the contacting
surface asperities will deform elastic, elastic-plastic, or fully plas-
tic. Greenwood and Williamson �1� defined a plasticity index to
predict the degree of plasticity. Plastic contact deformation will be
dominant for a plasticity index value greater than 1.0, where in
this situation the plasticity will occur even at trivial normal loads.
In most of the engineering applications plastic deformation is
inevitable.

In the study of friction, wear and lubrication, knowledge about
the deformation state of the surface asperities becomes very im-
portant. Understanding the relationship between local contact
properties and surface topography can lead to the specification of
optimized surface topography and manufacturing processes with
respect to the functional task of the surface. However, the exact
solution for the elastic-plastic contact is difficult to obtain due to
the complex variables involved. Significant effort has been put
forward by many authors �2–14� to model the elastic-plastic be-
havior of two bodies in contact.

In 1933, Abbott and Firestone �AF model� �2� introduced the
basic plastic contact model, known as the surface microgeometry
model. In this model the deformation of a rough surface against a
smooth rigid flat is assumed to be equivalent to the truncation of
the undeformed rough surface at its intersection with the flat.

The area of contact, AAF, of a sphere in contact with a flat is
simply the geometrical intersection of the original profile, repre-
sented by a paraboloid, with the flat:

AAF = 2�R� �1�

where R is the radius of the sphere and � is the contact interfer-
ence. The mean contact pressure is the flow pressure or the inden-
tation hardness, H, and remains constant, therefore the contact
load, PAF, is

PAF = 2�R�H �2�

Greenwood and Williamson �GW model� �1� developed an asper-
ity contact model for the elastic contact situation. In order to
bridge the two extreme models of GW and AF, Chang-Etsion-
Bogy �CEB model� �3� developed an elastic-plastic contact model
based on volume conservation of the plastically deforming asperi-
ties. The CEB model defined the mean contact pressure in the
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fully plastic regime by KH where K is the maximum contact pres-
sure factor when initial yield occurs. The contact area, ACEB, and
load, PCEB, of the CEB model are expressed by

ACEB = �R��2 −
�c−CEB

�
� �3�

PCEB = �R��2 −
�c−CEB

�
�KH �4�

In Eqs. �3� and �4�, �c−CEB is the critical interference of the onset
of plasticity:

�c−CEB = ��KH

2E
�2

R �5�

where
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E
=
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2
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2

E2
�6�

and E1, E2, �1, and �2 are the elastic moduli and the Poisson’s
ratios of the sphere and the flat, respectively. Horng �4� extended
the CEB model to the elliptical contact situation. The elastic-
plastic or elastoplastic contact regime is not defined by the CEB
model; therefore Zhao et al. �5� proposed an elastic-plastic contact
model description that incorporates the transition from fully elas-
tic to fully plastic flow. Jeng and Wang �6� extended the model of
Zhao to the elliptical contact situation.

Based on finite element analysis �FEA�, studies on the contact
behavior of two spheres during loading have been reported by
Vu-Quoc et al. �7,8�, Mesarovic and Fleck �9,10� and Li et al.
�11�. A detailed FEA elastic-plastic contact analysis of a sphere
and a rigid flat has been performed by Kogut and Etsion �12�. The
analysis provided empirical coefficients for the dimensionless re-
lations for contact load, real contact area and mean contact pres-
sure as a function of interference, �. Due to their nondimensional
nature, these relations are applicable to different sphere materials
and geometries. However, the analysis is limited up to the onset of
the plastic regime. Similar work has been performed by Jackson
and Green �JG model� �13,14�. The JG model analysis covers the
elastic to fully plastic contact regime. This model showed that in
the fully plastic contact regime the contact area is larger than that
predicted by the AF model hence as a result the mean contact
pressure drops with increasing interference. More specifically

shown by this model, the contact area and load are dependent
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upon the material properties in the elastic-plastic and the fully
plastic regime. In the elastic-plastic and the fully plastic regime
the contact area, AJG, is defined as

AJG
* = �*��*

�t
*�B

�7�

where

AJG
* =

AJG

Ac−JG
�8�

�* =
�

�c−JG
�9�

�t
* = 1.9 �10�

and

B = 0.14 exp�23
Y

E
� �11�

and

Ac−JG = �3�CYR

2E
�2

�12�

�c−JG = ��CY

2E
�2

R �13�

C = 1.295 exp�0.736�1� �14�

Y and �1 are the yield stress and the Poisson’s ratio of the material
that yields first, respectively. The contact load, PJG, is formulated
by

PJG
* = �exp�− 0.25��*�5/12����*�1.5

+
4HG

CY
�1 − exp�−

1

25
��*�5/9���* �15�

where

PJG
* =

PJG

Pc−JG
�16�
Fig. 1 Setup of the indentation o
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�17�
and

Pc−JG =
4

3
�R

E
�2�C

2
�Y�3

�18�

Summarizing, there are several approaches to predict the con-
tact load, contact area, and the mean contact pressure for the con-
tact of a sphere or hemisphere against a hard flat. In order to
verify the proposed models experimental investigation is needed.
In this paper we present the experimental results of the contact of
a deformable sphere against a hard flat for different material
properties and radii. A new measuring technique was used to mea-
sure the real contact area. These experimental results are com-
pared with the different models discussed to be able to select the
best model for a further analysis of the contact between rough
surfaces.

2 Experimental Procedure
Experiments were performed on a pin-on-disk machine. The flat

specimen �SiC� was firmly mounted on a disk and was held stati-
cally to apply simple normal loading. The pin of the tester was
replaced by a sphere specimen holder. The holder was made from
steel and was designed such that the hemispherical form is main-
tained, as shown in Fig. 1. The maximal load that could be applied
to this setup was 600 N.

2.1 Specimens. Copper spheres �H=1.2 GPa, E=120 GPa,
�=0.35� with a diameter of 3 mm were used as a sphere specimen
to perform the experiments. The hard flat specimen used was a
SiC ceramic �H=28 GPa, E=430 GPa, �=0.17�. The copper
specimens were as-received without annealing and having a cen-
terline average roughness Ra of about 0.15 �m. The average
roughness of the flat specimen was 0.09 �m.

Most of the proposed asperity contact models assume an elastic
perfectly plastic �no-strain hardening� material behavior, therefore
the same material properties were used in this experiment. To be
sure that there is no strain hardening effect of the copper spheres
used, hardness measurements were done before and after a com-
pression test. The Vicker’s hardness before compression was
1.15 GPa and after compression at a /R=0.3 was 1.2 GPa, where
f a sphere against a hard flat
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a is the contact radius and R is the initial radius of the copper
sphere. This shows that the specimens used did not show a strain
hardening effect.

In order to get the more accurate results experiments were also
performed with another material. Aluminium spheres �H
=0.28 GPa, E=75.2 GPa, �=0.345� with a diameter of 6 mm
were used and the hard flat specimen used was SiC. The results of
the aluminium experiments, see the Appendix, are similar to the
results of the copper specimens, therefore in the following the
analysis is done for copper only.

2.2 Matching and Stitching. In most situations it is not pos-
sible to get an accurate or detailed image of a complete cross
section of the contact area. For an accurate image of the cross
section a high lateral resolution is needed, and as a result only
small areas can be measured. To overcome this problem Sloetjes
et al. �15,16� developed a new measuring technique by matching
and stitching a number of small but detailed images together from
sequence measurements, as presented in Fig. 2.

The matching of two images can be defined as aligning or re-
positioning the overlapping part of two successive images. In or-
der to get a detailed or wide image of a complete section across
the contact area, the stitching process has to be performed. Several
measurements are taken in the stitching process and each one
having a certain overlap area with the previous one. For every
stitching of the subsequence two images the mutual translation
and rotation can be determined based on the overlapping area
�matching process�. Once all the images are matched, one large
image is created as a complete of the stitching process. Figure 2
shows schematically the matching and stitching procedure used in
the present experiments. The developed contact area from the
plastic compression of the sphere is wider than one single mea-
surement of the optical profiler, therefore, the matching and stitch-
ing procedure is needed to get the more precise measurement.

2.3 Experimental Details. Before doing any test, the spheri-
cal and flat specimens were cleaned with acetone and dried in air.
To reduce the effect of friction, the contact region was lubricated.
The load was applied to the sphere specimen for 30 s and then
removed. Prior to measuring the fully plastic contact area, again
the sphere was cleaned and dried.

An optical interference microscope was used to measure the
plastic contact area. In this step the matching and stitching proce-
dure was employed. A special holder, by which one is able to
rotate and translate the sphere specimen, was designed to make
the matching and stitching procedure easier. After taking all the
images the matching and stitching calculation was done separately

Fig. 2 Matching and stitching procedure
by a personal computer.
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3 Results and Discussion
As described above, to get results of a single experiment

several steps must be followed. Eleven copper sphere specimens
were used to perform the tests. Figure 3 shows a typical matching
and stitching result of the plastic deformation of a sphere after
compression. Five images have been matched and stitched to
cover the total diameter of the plastic contact area at P=490 N.
According to the JG model, the dimensionless normal load in this
case was P / Pc−JG=1923, far into the fully plastic regime. As can
be seen in Fig. 3�a�, the matching and stitching of the images
results in an almost straight line, which implies that the translation
and rotation specimen holder table works very well. Missing data
was found in the images at the start and the end of the contact
region. This is caused by the bad reflection of the surfaces, as can
be seen more clearly in the profile plot in Fig. 3�b�. At the edge of
the contact the sudden change of the geometry results in a high
slope. From this profile it can be seen that the effect of “piling up”
and “sinking in” is less pronounced, as indicated by the almost
coincide profiles between “before” and “after” compression at the
edges of the contact; see Figs. 3�b� and 9 �later�. These effects are
introduced when the load is increased, however, the deviation be-
tween the measured maximum and minimum diameter of the con-
tact area due to these effects is less than 3% in the present experi-
ments.

The experimental results of the plastic contact area as a func-
tion of the contact interference, along with the theoretical model
predictions of AF, CEB, and JG, are presented in Fig. 4. Here, the
plastic contact area was measured by measuring the contact radius
from the plastic deformation trace, as shown in Fig. 3�b�. The
method to measure the plastic interference was done by measuring
the maximum difference between “before and “after” compression
profile. Based on the deformed profile the undeformed �before�
profile was calculated by the already known sphere radius and two

Fig. 3 „a… Matching and stitching of five images for a 490 N
normal load. „b… A-A profile of „a….
points in the profile references, the first and the end images. As
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can be seen, the experimental results agree well to the AF and
CEB model. According to Eq. �3� for very small �c−CEB/� �very
high load�, the AF and CEB model almost coincide. The measured
plastic contact area is almost equal to 2�R�, as predicted by the
AF model. The experimental results �the thin dashed line repre-
sents the best fit of the experimental data� show a slight higher
slope than predicted by the AF model. This is because the mea-
surement of the interference is based on the highest point of the
deformed sphere; see Fig. 3�b�. If the measurement of the inter-
ference is started from the datum of the contact area edge, then the
experimental data become closer to the AF model. The plastic
deformation is not perfectly as a truncation by a rigid flat but there
is a slight crown at the center of the contact. The same phenomena
have also been shown by the work of Johnson �17�. The crown is
symmetrical around the center indicating that the pressure distri-
bution was also symmetrical. The JG model predicts a smaller
contact area than that of the AF and the CEB model for low loads,
and the contact area increases more gradually as the load increases
compared to the AF and the CEB model. The deviation of the JG
model to the AF and the CEB model and the experimental results
is larger for high loads.

The behavior of the mean contact pressure as a function of the
plastic contact radius is plotted in Fig. 5. It shows that for all
loading cases the mean contact pressure remains constant at a
value of about 0.75H. The present observations can be compared
to previously published works. The work of Johnson �17� for in-
stance, studied the deformation of the contact between two equal
work-hardened copper spheres �radius 63.5 mm�. Results showed
that the mean contact pressure in the fully plastic regime is con-
stant for about 0.79H. The experimental results of Chaudhri �18�
reported a constant value of the mean contact pressure of about
0.7H in the fully plastic regime in the case of the indentation of a
copper sphere �radius 1.5 mm� against a hard sapphire flat. These
measurements compare very well with those made in the present
observation.

The present experimental results, however, are lower and higher
than that predicted by the AF model and the CEB model, respec-
tively. A more quantitative comparison between the experimental

Fig. 4 Plastic contact area versus interference. � are experi-
mental data.
Journal of Tribology
and the predicted mean contact pressure as a function of the con-
tact area of the available models based on the experimental con-
ditions as used in the present experiment is presented in Fig. 6. As
can be seen, the theoretical model of JG predicts a higher mean
contact pressure for the lower contact area �lower load� and un-
derestimates the mean contact pressure for the higher contact area
�higher load�. The present experiment shows an almost constant
mean contact pressure for the whole measured contact area. Ac-
cording to Tabor �19�, as a first approximation, the fully plastic
yielding of the indentation of a hard sphere against a deformable
half-space occurs when the mean contact pressure p equals

p = cY = chH �19�

where c is nearly a constant and has a value of about 3 and ch is
a hardness constant. If it is assumed that the hardness is equal to
three times the yield strength Y then ch has a value of about 1.
Interestingly, the AF model predicts fairly close to the experimen-
tal results when the mean contact pressure equal to 0.75H �shown
by the dashed line� or the ch value of Eq. �19� to be 0.75. This

Fig. 5 Mean contact pressure against the nondimensional
contact radius a /R. � are experimental data.

Fig. 6 Mean contact pressure versus contact area. � are ex-

perimental data.
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contradicts the most widely used value that is used for the fully
plastic contact regime, i.e., the mean contact pressure is simply
equal to its hardness value. Indentation experiments by Tabor
�19�, for instance, used a hard spherical indenter against a deform-
able half-space, but in the present experiment a deformable sphere
is indented by a hard flat. Intuitively, for a very high load these
two cases will pronounce a different behavior with respect to the
deformation, as schematically shown in Fig. 7. In the first case the
displaced material in the indented half-space is confined by the
elastic-plastic deforming bulk of the half-space and the hard
spherical indenter. This situation will produce a higher mean con-
tact pressure and so increases the coefficient value ch in Eq. �19�.
But in the second case the displaced material of the deformable
sphere is free to expand radially in the edge of the contact and the
contact radius increases as the load increases.

Figure 8 presents the results of the contact area as a function of
the normal load. Again, the present experimental results lie along
the straight line for pa=0.75H �dashed line� of the AF model. The
CEB model overestimates the contact area as a function of the
contact load that contradicts Fig. 4 when it is plotted as a function
of the contact interference. This is caused by the mean contact
pressure predicted by the CEB model that is lower than the actual
one. The same phenomenon also occurs with the AF model where
the mean contact pressure is predicted to be higher. Depending on
the material properties the JG model predicts the contact area as a
function of the load differently. However, the JG model tends to
overestimate the contact area as the load increases. The difference
will be more pronounced for higher loads. This overestimation is
caused by the decrease of the mean contact pressure, as predicted
by the JG model.

Fig. 7 Behavior of a hard sphere indenting a deformable half-
space and a hard flat indenting a deformable sphere

Fig. 8 Contact area as a function of normal load. � are experi-

mental data.
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4 Conclusions
The experimental investigation of the contact between a de-

formable sphere and a rigid flat was carried out to explore its
behavior in the fully plastic contact regime for elastic-perfectly
plastic material. The experimental results were compared with the
published models in terms of the mean contact pressure, the con-
tact area, and the contact load in order to make a comparison of
the most frequently used models.

There are two main significant findings with respect to the
present experiments. At first, the mean contact pressure was con-
stant and has a value of about 0.75H for copper and 0.72H for
aluminium, which is not confirmed by the proposed contact mod-
els. This suggests a constant value lower than 1 but higher than
0.6 for the hardness coefficient for the case of a deformable sphere
in contact against a hard flat. Second, the work of AF, likewise
CEB model for large interferences, is confirmed that the contact
area is simply the truncation of the sphere by the hard flat for a
fully plastic contact regime. A comparison of the present experi-
mental results with the published asperity contact models showed
substantial differences.
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Nomenclature
A � area of contact
C � coefficient of critical yield stress
E � Hertz elastic modulus

E1,2 � Young’s moduli
H � hardness

HG � hardness geometric limit
K � hardness factor
P � contact load
R � radius of the sphere
Y � yield strength
ch � hardness constant
p � mean contact pressure

�1,2 � Poisson’s ratio
� � interference

Subscripts
AF � Abbott–Firestone

CEB � Chang–Etsion–Bogy
JG � Jackson–Green

Appendix: Aluminium Results
Results of the contact between aluminium spheres against hard

SiC flats are presented in Figs. 9–12. In the fully plastic contact
regime, profile of the deformed spheres showed almost a flat fol-
lowing the shape of the flat indenter. Figure 9 shows the profile
after indentation for a normal load of 206 N. This typical form
applies for all the experimental results. Therefore, the plastic con-
tact area �A=2�R�� is just the truncation of the sphere, as is
shown in Fig. 10. For aluminium the mean contact pressure in the
fully plastic contact regime in the present experiments is about
0.72H; see Fig. 11. These results confirm the experimental work
of Chaudhri �20�, where the mean contact pressure in the fully
plastic contact regime for elastic-plastic spheres with a diameter
of 3 mm in contact with a sapphire flat is about 0.68H. The plot of
the contact area as a function of the load for the aluminium case

can be seen in Fig. 12.
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spheres. � are experimental data.

minium spheres. � are experimental data.
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