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We have used an ultrasonic method to determine the normal and
shear stiffness for three different surfaces. The degree of hystere-
sis for the loading/unloading and stiffness ratio is a function of
roughness. Nonlinear contact stiffness characteristics are
obtained. The ratio of tangential to normal stiffness Kr /Ky slowly
increases in proportion to normal loading. The novelty of our
setup is that at the same time we can measure the reflection coeffi-
cient, obtain results for three transducers simultaneously, and
measure the approach as a function of load. The presented experi-
mental results of normal contact stiffness measurements have
been used for the verification of our theoretical model based on a
fractal description of rough surfaces (Buczkowski et al., “Fractal
Normal Contact Stiffness of Rough Surfaces,” Arch. Mech. (sub-
mitted for publication). [DOI: 10.1115/1.4027132]
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1 Introduction

The measurement and prediction of both normal and tangential
stiffness has been studied by a number of authors [1-7]. Akarapu
et al. [3] pointed out that the contact area and normal stiffness rise
linearly with the applied load. Medina et al. [4] proposed a simple
analytical model based on the classical work of Greenwood and
Williamson and predict that tangential stiffness is proportional to
normal load and independent of the asperity radius and Young’s
modulus. Pohrt and Popov [5,6] suggest a sublinear relationship
between the normal stiffness and the nominal pressure. They state
that the power-law relation observed for slowly applied forces is
valid for all applied forces, with the exponent varying from 0.50
to 0.85, depending on the fractal dimension. The results presented
by Pohrt and Popov [5,6] are not confirmed by Pastewka et al. [7],
who have shown that the contact stiffness cannot be described by
a power law for all applied forces and this would correspond to a
straight line on a log-log scale only. Several authors note
[2,5,8-11] that the expression for the micro-asperity contribution
to the total elastic energy and elastic stiffness depends on the elas-
tic coupling between asperities. Some of them state that any deri-
vation neglecting this interaction cannot describe the correct
physics of realistic rough surfaces. Barber [10] has identified an
analogy between electrical conduction and contact stiffness, in
which electrical conduction at any load is proportional to the elas-
tic normal stiffness. This relation has been extended to the contact
of finite bodies [11]. Measurements of the tangential contact stiff-
ness between rough surfaces manufactured from titanium alloy
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using the digital image correlation method have recently been
investigated by Kartal [12].

Various measuring setups have been used to use the changes in
the ultrasound wave reflection coefficient for the assessment of
the real contact area and contact stiffness [13—-15]. In Refs.
[16,17] the heads for 2.5 MHz longitudinal and transverse waves
are used for examining the contact between two aluminum speci-
mens; the setup arrangement, however, is allowed to apply only
low loads (up to 4 MPa).

Another study [18] investigates the reflection coefficient for
cyclic loads over the yield limit with a broadband transducer of
10MHz longitudinal waves. An assessment of the interfacial
stiffness ratio Kr/Ky for grit-blasted specimens is presented in
Ref. [19].

2 Ultrasonic Setup

We have determined the experimental values of both the tan-
gential and normal contact stiffness from ultrasonic measurements
by predictions of the reflection coefficient. The experiment was
carried out using a setup shown in Fig. 1.

The setup enables a simultaneous precise measurement of the
approach and ultrasonic reflectivity as a function of the contact
pressure. The contact is realized between the flat rough surface of
the upper specimen and the lower specimen: a special head with a
smooth surface (R, = 0.06 um). The quasi-static load is applied
gradually (with a 2 MPa step, that provided the rate of loading
1.5 MPa/s), with a special device placed axially in a hydraulic
press until a nominal pressure of 800 MPa is reached. The load is
measured using a tensometric bridge and the resulting approach of
the upper specimen is registered by a displacement (inductive)
sensor. The results, in the form of diagrams of the approach versus
the contact pressure, are produced on-line on a PC screen. The
transmitted ultrasonic signals are reflected and received by a flaw
detector (defectoscope, Panametrics-NDT =~ EPOCH 4, advanced
digital ultrasonic flaw detector; signal processing features include
a 25 MHz bandwidth) and passed to a PC for further signal proc-
essing, including spectral (frequency) analysis by means of the
Fourier transform. The arrangement of the setup ensures a uni-
form pressure distribution in the contact zone using a precise
autoreadjustment of the tested specimen surface against the sur-
face of a gauge head. The contact surface of the head (counterspe-
cimen) is composed of three uniformly placed ring sectors
(punches), with the dimensions of approximately 8 x 8 mm? each,
giving a total contact area of 195 mm? measured during the
experiment. Such an arrangement increases the accuracy by the si-
multaneous measurement on each of the three sectors during one
loading of the sample. The counterspecimen has two functions: a
loading head and an ultrasonic sender-receiver probe for acoustic
waves both in the transverse (7) and normal or longitudinal (L)
directions. Three similar piezoelectric transducers are used, with
different central frequencies of 4 MHz and 7 MHz for the shear
and longitudinal directions, respectively, to predict almost the
same wavelengths in steel 2 = 0.8 mm. The same wavelength for
the longitudinal and transverse waves has been chosen to ensure
the same conditions of wave interaction with surface imperfec-
tions; thus, to create the conditions required in using the “spring
model,” [14] allowing us to calculate the contact stiffness. We
had to obtain wave beams whose axes approximately hit the cen-
ters of each punch and cross-section area smaller than the punch
cross-section area. A beam width limit is due to the fact that phe-
nomena relating to deformations of the surface layer near the
edges of a rough punch pressed in the specimen material differ
from those taking place in its flat center. We have decided to use
square transducers with 4.5 mm sides for transverse waves and
4.8 mm transducers for longitudinal waves. To ensure the same
amplitude of pulses transmitted and received by ultrasonic heads,
we have used ceramic parts from the same piezoelectric trans-
ducer (PP9 ceramic component, silver electrodes). We have pro-
vided for the possibly high repeatability of the process of gluing
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Schematic experimental setup for the simultaneous measurement of sepa-
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transducers to the punch (preparation of the punch and transducer
surfaces, degreasing the surfaces, the same conditions of glue po-
lymerization, and the same pressure of the transducers on the
punch). The connection of the transducer with the punch material
has to ensure electrical conductivity.

The signal amplitude is measured by a single-channel digital
flaw detector by successive switching of the signal input/output to
subsequent transmitters. Before loading commences, we measure
the specimen amplitude of the original signal Ry, (reference) for
which the reflection coefficient is maximum and equal to unity.
When the specimen load increases, the amplitude of the reflected
signal decreases as more and more of the energy passes through
the contacting surfaces. The reflection calculated as the ratio of
the current amplitude of the reflected signal R to a reference signal
R;,; decreases to the theoretical value (zero for the contact of two
bodies of equal acoustic impedance) for the perfect contact of the
two surfaces. In practice, it is not possible to achieve a perfect
contact in the case of steel, even with a load much higher than the
yield limit and the reflection reaches a minimum value of approxi-
mately 0.05. After reaching the preset maximum load, the speci-
men will unload and the reflection, as a function of the decreasing
pressure, is measured. The ultrasonic signal is measured at spe-
cific load steps (in our case: 2 MPa). The recorded reflected ampli-
tude signal is converted by a fast Fourier transform to a signal
frequency distribution. (First, the same procedure is used for a ref-
erence signal, the signal reflected from an unloaded surface). A
frequency closest to the resonance frequency of the transducer is
selected from the reflected signal spectrum. For that frequency,
reflection coefficients are calculated as a ratio of the reflected to
the reference signal amplitude for subsequent specimen loads.
The values of the reflection coefficients calculated using the spec-
tral analysis of the impulse are well defined for specified frequen-
cies of waves and are not burdened with errors (as is the case with
measurements based on comparing the amplitude of the normal
pulse) resulting from ultrasonic impulse shape changes occurring
during the loading contact. Besides, an ordinary measurement of
the maximum signal amplitude is burdened with a larger error
because the signal is composed of many frequencies and their
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presence in the total reflected signal varies as the specimen is
being loaded, leading to a wider scatter of the results.

The setup, simultaneously measuring two quantities is operated
by a dedicated control and data collecting program. These quanti-
ties are the ultrasonic longitudinal or transverse wave reflection
coefficient and an approach of specimens as a function of applied
pressure. The principal functions of the program include:

* automatic monitoring of the press load and converting its
value to nominal contact stress under the punch surfaces

* reading out values of specimen displacement caused by
applied pressure

e control of a multiplexer switching over ultrasonic signals to
transducers placed on the respective punches of the counter
specimen

* two-way communication with an ultrasonic defectoscope
Panametrics Epoch 4, enabling remote setting of its working
parameters and recording the results of the pulse
measurements

* module of the pulse frequency spectrum analysis, for a fast
Fourier transform of recorded pulses and the determination
of the frequency characteristics of the reflection coefficient

* presentation of the research results as diagrams of the dis-
placement and reflection coefficient as a function of the con-
tact stress displayed on a computer screen in real time

* recording of the research results for further analysis and pre-
sentation by another computer program

Particle displacements in the longitudinal wave propagating in
steel are parallel to the direction of wave propagation. This wave,
falling perpendicularly to the counterspecimen and samples, is
sensitive to the normal stiffness. However, the transverse wave, in
which particles carry the vibration perpendicular to the direction
of the wave propagation, is sensitive to the tangential stiffness;
that is, the ability to transfer shear stresses through the border
bodies in contact.
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Table 1 Experimental parameters

Tangential ~ Longitudinal
Mass density, p 7.7 103 kg/m’
Wave velocity, v 3.1 59 103 kg/m’
Wave frequency f, w = 2nf 4 7 1091/s

Table2 Surface roughness values

Surface roughness Fine sand Coarse sand

parameters blasted blasted EDM
Arithmetic mean deviation, um S, 0.832 5.13 8.94
RMS deviation, um S, 1.08 6.67 11.62
Maximum height of summits, um S, 6.1 29.2 48
Maximum depth of valleys, um S, 4.9 28.8 34
Total height of surface, um S, 11 58.1 82
Skewness Sk 0.2 —-04 0.2
Kurtosis Sku 3.79 5.08 3.25
Density of summits, 1/ mm’> D, 573 371 131
Arithmetic mean um R 16 6 6

summits radius,

The idea of the measurement is simple. When asperity contact
occurs, the ultrasonic waves are transmitted across the interface
and where an air gap exists between asperities (parts of the surfa-
ces are not in contact), waves are reflected back and the measured
reflection coefficient is almost unity at all wave frequencies. It has
been demonstrated by others [19] that the reflection coefficient
R\, at a partially contacting solid-solid interface is related to the
contact stiffness per unit area of the interface, that is expressed by
the following formula (if the two materials on either side of the
interface are identical)

1
Riy = — e M

()
1+ (=
wz

The K quantity present in Eq. (1) is the contact stiffness. Measure-
ment of the K value by mechanical methods is very difficult, espe-
cially for a relatively smooth surface, because the approach is
often less than 1um. Hence, ultrasonic reflection measurements
seem to be a good method to determine the value. Rearranging
Eq. (1) with a given acoustic impedance z = pv and wave fre-
quency (see Table 1), we can calculate the contact stiffness from
the reflection measurements as a function of the contact load
(see Eq. (1))

wz |1
K=—/75-1 2
2\’ @

The indispensable values used to calculate the normal and tan-
gential stiffness are given in Table 1.

Drinkwater et al. [14] demonstrated that the stiffness of a range
of contacts of varying roughness is well represented by Eq. (1).
They studied the reflection as a function of the frequency of the
ultrasonic wave. The reflection coefficient was found to be
dependent on frequency, but the predicted stiffness was shown to
be independent of frequency.

3 Results of the Ultrasonic Experiment

The samples for the ultrasonic test were made of carbon steel
S45 (0.45% carbon) cylinders, each 50mm in diameter and
30mm in height. The surfaces of the contact samples were sub-
jected to three kinds of mechanical treatment: fine and coarse
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Fig. 3 Tangential Ry and longitudinal R, reflection coefficient
versus loading and wunloading (coarse sandblasted,
S;=5.13 um)

sandblasting and electrical discharge machining. Electrical dis-
charge machining (EDM) is not a typical surface finish method,
but it was chosen to yield a very tough isotropic surface of high
roughness. The values of profilometric parameters of the exam-
ined surfaces are given in Table 2.

The following six diagrams present the results of the ultrasonic
wave reflections directly obtained from the device (see Figs. 2—4)
and the contact stiffness results (see Figs. 5-7) calculated by for-
mula (2). In all cases the results are shown as a function of the
normal load applied and consist of two branches—Iloading and
unloading. The difference in the course of the two branches forms
a hysteresis loop for reflectivity and stiffness. The hysteresis is
related to the plastic deformation of the asperities and a slower
rate of loss of contact during unloading.

The tests led to a number of observations and conclusions. The
reflection coefficients decrease monotonically as a function of the
increasing load of the contact area, which is related with an
increasing real contact area. The values of both reflection coeffi-
cients R; and Rt decrease as a function of the load, with the fastest
change occurring for the least rough surface (fine sandblasted),
while the slowest change is observed for the roughest surface
(electrical discharge machined (EDM)). For the same load value,
the transverse wave reflection coefficient is always lower than the
longitudinal wave reflection coefficient. For all surfaces, the drops
(change rates) of the transverse wave reflection coefficients as a
function of the load are significantly larger than the drops of the
longitudinal wave reflection coefficients. This means that at the
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Fig. 8 Contact stiffness ratio Kr/Ky and linear trends versus
loading for all surfaces

same load of contact surface area and the same wavelength, trans-
verse waves better penetrate the contact surface.

At high loads (exceeding the yield limits of the specimen mate-
rial) a visible hysteresis occurs; that is, a difference in the depend-
ence of the reflection coefficient during loading and unloading of
the contact surface. As predicted, the hysteresis is the smallest for
the electrical discharge machined specimen, which is substantially
strengthened during surface machining.

During unloading, the value of the longitudinal wave reflection
coefficient changes very slowly. Independently of the surface pro-
file (up to 100 MPa) the value of the longitudinal wave reflection
coefficient is very small (about only 0.1) and it visibly increases
after complete unloading. Slightly higher changes of the reflection
coefficient during unloading are observed for the transverse wave.
This means that during unloading the real contact area substan-
tially changes after the load is removed.

The contact stiffness grows and reached a maximum, which is
about 6 GPa/um for the least- rough sandblasted surface. As al-
ready mentioned for the roughest surface (electrical discharge
machined) the contact stiffness is the smallest because it is signifi-
cantly strengthened. For this reason, it cannot be deformed by flat-
tening roughness peaks when loading increases and, consequently,
the contact surface area does not increase. In an intermediate case
of the coarse sand-blasted specimen, although relatively rough,
the contact stiffness substantially increases. This results from plas-
tic deformation of the roughness peaks, leading to increased con-
tact area.

The relations between the contact stiffness of individual speci-
mens and roughness are in inverse proportion: the higher the
roughness, the lower the stiffness. The differences are large: the
normal contact stiffness (calculated from the results of L wave
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Fig. 9 The slopes of the K1/Ky trends from Fig. 8 as a func-
tion of the roughness amplitude S,

tests) and tangential stiffness (7 wave tests) for a fine sand-blasted
surface loaded up to 800 MPa is seven times higher than the stiff-
ness of an EDM surface.

Figure 8 shows a comparison of the tangential to normal con-
tact stiffness ratio K7 /Ky for the examined specimens. All of the
measurement results tend to rise slightly as the load increases,
with the smallest growth demonstrated by the fine sand-blasted
surfaces, and the largest for the EDM surfaces having the greatest
roughness. The theoretical assessment of the stiffness ratio pre-
sented in Ref. [19] indicates that the K7 /Ky ratio is constant as a
function of the load, but for various models it ranges from 0.29
[20] through 0.65 [19,21] to 0.82 [22-24]. This discrepancy most
probably results from the assumptions concerning the geometry of
the models (the normal distribution of peak heights, spherical
shape of asperities, and, in some models, a constant peak radius).
Experimental results presented in the literature generally differ
much from most theoretical studies in terms of the value and line
shape of the K7 /Ky ratio. In the case of our measurements, except
for the initial phase of loading to 100 MPa, this relationship is
nearly linear (see Fig. 8 (trends)). As the roughness amplitude of
the examined surface decreases, the slopes of the trend line gets
closer to zero, as in the theoretical models (see Fig. 9).

4 Conclusions

The idea of using ultrasound waves for assessing rough surface
contact is not new and we are aware that relevant experiments
have been conducted in many places throughout the world. How-
ever, there is no standardized well-defined measurement method
(e.g., the results in Kroélikowski and Szczepek [23] are substan-
tially different from ours, while the results in Ref. [19] are similar,
even if measured by completely different instruments).

This work presents a unique setup for the simultaneous mea-
surement of the approach and ultrasonic wave reflection coeffi-
cient as a function of the rough surface load. The results of the
ultrasound measurements have allowed us to calculate the rela-
tionship of the contact stiffness as a function of contact loading
and unloading. The results of the measurements and calculations
are presented for three types of specimens with significantly dif-
ferent roughnesses of S, = 0.83um, 5.13um, and 8.94um, respec-
tively. The ten-fold change in the mean roughness amplitude S,
has led to an eight-fold change in the surface stiffness. The experi-
mentally measured ratio of the contact transverse stiffness to the
normal stiffness is not constant. Two areas can be distinguished;
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for small loads the ratio is strongly nonlinear, while above 100
MPa the K7 /Ky plot is very close to linear. The change of rough-
ness greatly changes the slope representing the ratio. The lower
the roughness, the closer to a constant the ratio becomes; thus,
closer to theoretical results. The measurement data obtained in
this research concerning the contact stiffness have been used for
the verification of the authors’ theoretical findings based on a frac-
tal description of rough surfaces [25].
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