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Abstract

This study proposes the use of a simple spring model that relates the interfacial stiffness with
the complex reflection coefficient of ultrasound in a rough contact. The spring model cannot
be directly related to the real area of contact as this depends on the amount, shape and
distribution of contacting asperities. However, it is clear that the model provides a non
destructive tool to easily evaluate both longitudinal and shear interfacial stiffnesses and their
ratio. Experimental findings indicate that the interfacial stiffness ratio K/K, determined
during loading/unloading cycles is sensitive to the roughness level and load hysteresis. The
results deviate from the theoretical available micromechanical models, indicating that actual
contacting phenomenon is more complex and other variables needed are not accounted for by

the models.

Keywords: ultrasound, rough contact, interfacial stiffness
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Introduction

The problem of mechanical contact of two elastic bodies has been of great interest to the
scientific community. This has been mainly triggered by the need to predict contact area
relevant in engineering to mechanical, electrical and heating conduction analysis. For two
nonconforming surfaces the properties of the interface depends on the random contact of the
surfaces. In a contact between rough surfaces only very few asperities go into contact.
Therefore, high local stresses take place at the individual asperity tips causing an immediate
plastic deformation and forming cold-welded junctions between the metal surfaces.
Additionally, with the application of normal loading-unloading cycles, hysteresis
phenomenon due to elastic and plastic deformation has been reported in the literature (i.e. [1],
[2], [3]).

The development of experimental tools to investigate rough contact has been a slow
ongoing process. Methods based on electrical and thermal conduction, measurement of fluid
flow through the contact and the neutron-graphic method are useful to calculate real contact
area but cannot provide an estimation of interfacial stiffness [4]. Kendall & Tabor [5] have
found different drawbacks with the methods based on electrical and thermal conduction as
well as with optical methods when used in real engineering contacts. When two nominally flat
specimens are pressed together by normal force, the deformation of asperities can be recorded
by means of an electric micrometer or by the stylus of a profilometer. However, in practical
applications, the results need to be refined by eliminating the effect of surface deformation in
the test machine. Krolikowski & Szczepek [4] indicated that using the method based on direct
measurements of compliance, the measurable limit of interfacial stiffness of arough contact is

about 1 GPapm™.
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From the original independent investigations carried out by Kendall & Tabor [5] and
Tattersal [6], it was clear that the reflection coefficient of ultrasound can be related to the
interfacial stiffness of arough contact by means of a spring model; however, it is not directly
related to the actual contact area as it was hypothesized in their study. Therefore, the results
show serious disadvantages of the method, but it can be a powerful tool when the stiffness is
the main parameter to assess. In fact, in this paper the ratio of tangential to normal stiffnessis
evaluated utilizing the spring model of Kendall & Tabor [5].

Several theoretical approaches have been developed that can be applied to the contact
between two nominally flat surfaces, one smooth undeformable against a rough deformable
with isotropic statistical properties of roughness [7, 8, 9, 10]. Although the models work for
idealized shape of asperities and non-interacting assumption, an estimation of the real area of
contact and nominal pressure can be obtained.

Studies on normal stiffness have been reported more often than on shear interfacial
stiffness. However, the use of both normal and shear stiffness expressed as aratio can be used
to determine the nature of contact [11]. The shear stiffness can be obtained from a pre-
stressed condition in which a normal load to the interface is followed by a small shear force.
Thisisaspecial case which requires only the application of a small elastic dynamic shear load
(pre-stressed interface). Ultrasonic shear waves applied in this way deform the interface only
elastically because of the small-scale loading-unloading cycle, centered on the static stress
[3]. Therefore, no additional plastic deformation at the asperities occurs independently of the
state of the deformation of asperities produced by the normal load. Berthoud and Baumberger
[12] reported direct measurements of shear stiffness versus displacement on a pre-stressed
rough interface. The experiments have provided evidence that indicates that a multi-contact
interface subjected to the small shear deformations has an elastic response. Ultrasonic studies

of shear stiffness versus load can be found in several publications [4, 13, 14, 16].
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The ratio of interfacial stiffness ratios has been anticipated as an important parameter to
characterize an imperfect interface. Nagy [11] presented a comprehensive review to show
how this can potentially be used to distinguish perfect contact from kissing, slip, or partial
contact. For rough surfaces, the possibility of distinguishing welded condition has been of
interest. Recently, several works on the interfacial stiffness ratio from arough interface have
been published [12, 15, 16] where loading and unloading cycles on the interface were applied.

The analysis carried out by Krolikowski & Szczepek [16] which combines the contact
model of Greenwood & Williamson [8] with the equation of Johnson [17] for small
tangential displacement, revealed that the ratio of tangential to longitudinal stiffness is solely
dependent on the Poisson ratio of the contacting rough surfaces. Similarly, by using the
equation of Hisakado & Tsukizoe [18] for small tangential displacements of contacting
asperities, Sherif & Kossa [15] also concluded that the ratio of stiffnesses can be calculated
only from the Poisson ratio of both surfaces in contact.

Recently, Baltazar et al. [14] described a theoretical model, similar to the previously
obtained by Krolikowski & Szczepek [16] and Mindlin [19], but which includes a correction
factor accounting for the angle of misalignment. Predictions of the model are very close to
those made through the Sherif & Kossa approach [15]. Additionally, a slight increase in the
ratio of stiffnesses observed on increasing nominal pressure was attributed to misalignment at
a single asperity contact. The model is again non dependent on the distribution of contact
asperities.

Y oshioka & Sholtz [20] provide a comprehensive model of elastic contact that allows for the
oblique contact in both the normal and shear directions. Nagy [11] worked with the original
approach of the model of Y oshioka & Sholtz [20] for a chi squared distribution of asperities.
It was found that the ratio of tangential to longitudinal stiffness is exclusively dependent on

the Poisson ratio of the contacting materials.



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

This work has three objectives. first, to develop a phenomenological understanding of the
correlation between interfacial stiffness ultrasonically determined and the state of deformation
of a rough surface; second, to determine interfacial stiffness ratio K/K, for different
roughness levels; and third, to investigate the hysteretic behavior of K/K, and its relationship

to the deformation of asperities at the interfaces.

Micromechanical Description

Krolikowsky and Szczepec [16] provide a mathematical formulation that incorporates the
Hertz-Mindilin theory [19] and the contact model of Greenwood and Williamson [8]. The
method models the complex contact between rough surfaces as a normally distributed set of
elastic spheres contacting against an elastic plane of the same material loaded with a normal
force f and a tangential force s [19, 21, 22]. Both mean contact pressure P, and mean

tangential stress 7, are as follow

P-D, 3(12_EV2) R”zam?(x—t)m H(X) dx, (2)

" 12
2E R1/20_1/2j(x_t) ¢(X)dX1 (2)

7=y ————
2-v)(1+vV) t

where Ds is the summit density per unit area, R is the radius of curvature of the elastic sphere,
E isYoung's modulus, v isthe Poisson’ sratio, o is the variance of summit height distribution,
x is the normalised height of summits, t is the normalised separation and ¢(x) is the

normalised height distribution function of the summits.

Thus, the normal K, and tangential K stiffness per unit area for this model are
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Combining Equations (3) and (4) yields the tangential to the normal contact stiffnessratio

K, Al-v) 5
K (2-v) ’ ®)

with A=2, which is also identical with that for the elementary contact previously formulated
by Mindlin [19] and more recently by Johnson [7] for two spherical bodies in contact. The
form of equation (5) has been corroborated in several studies which differ basically in the
values of the coefficient A. For instance Sherif & Kossa [15] found a theoretical value
for A=/ 2. For the model of Yoshioka & Sholtz [20], Nagy [11] obtained an approximated
value for A=~ 0.71. In the model presented by Baltazar et al. [14], A has a changing value

expressed as
—, (6)

where & andy are correction factors accounting for the geometrical misalignments in respect
to shear and longitudinal directions, respectively [23]. The factor  takes values of about 1
for angles below 50° assuming non-slip condition at the asperities. The factor & typically was

found to vary between 0.6 and 0.8.

Ultrasonic Response of a Rough Surface Contact

Figure l1a schematically shows the reflection of a sound wave from a rough surface
interface. At the contact region sound waves would pass through while at an air gap it would

be totally reflected. The proportion of the amplitude of an incident wave that is reflected is
6



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

known as the reflection coefficient, R. Conversely, the amplitude of the incident wave
transmitted trough the contact spots is the transmission coefficient, T (see figure 1).

Thus for two like materials, the reflection coefficient varies from R=0 for complete contact
to R=1 for no contact (i.e. asolid air interface). If the nominal pressure across the interface is
increased, asperity tip deformations cause both the interface to close slightly and the real area
of contact to increase. Kendall and Tabor [5] showed that when the wavelength of the
ultrasonic wave is large compared with the size of the asperity contacts, the reflection is a
function of the interface stiffness, K. As a consequence of the simple quasi-static spring

model, the reflection coefficient can be found as (shown schematically in figures 1b and 1c)

Ro__t )

1+ (ZKT
oy

where z is the acoustic impedance of the material on either side of the interface and w is the
angular frequency of the ultrasonic wave. This relationship holds for both longitudinal and
shear wave reflections (the longitudinal and shear wave speeds are used, respectively). A
similar expression exists for two dissimilar materials pressed together [24]. This model has
been used extensively to study the reflection and transmission of sound across incomplete
interfaces[2, 4, 11, 13].

Drinkwater et al. [25] demonstrated that the stiffness of a range of contacts of varying
roughness is well represented by equation (7). 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.
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Figure 1. Scheme showing a representation of the ultrasonic response of rough surface contact, a)
reflection, b) loading and deflection, and ¢) the spring model representation.

Experimental Set-up

Figure 2 shows the loading frame and the arrangement of the ultrasonic equipment used in
the tests. Two ultrasonic pulser-receivers were arranged to make it possible for the
longitudinal and shear signals to simultaneously be processed. The specimens were subjected
to loading-unloading cycles of compressive pressure in a hydraulic frame operating in load
control mode. The upper specimen had a disk of piezoelectric material glued to the back face
with a temperature stable contact adhesive. The transducer was of the wrap around electrode
type so both wires could be soldered directly to the top face of the ~56MHz shear wave
transducer. The lower specimen was interrogated by means of a 5SMHz longitudinal wave
planar contact transducer. The upper specimen was loaded against the lower specimen,
through an annulus with a hemispherical cap. The hemispherical end piece allowed the upper
specimen to align against the lower in order to obtain a more distributed and conformed

contact.

The contacting interfaces were made from steel specimens. The contacting face of the bottom
specimens were ground and polished, while those of the upper specimens were grit-blasted
(see Figure 3). All surfaces were measured using a surface profilometer before and after the

loading experiments (Table 1).
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Figure 2. Schematic diagram showing loading rig, specimens and ultrasonic measuring apparatus.

Two ultrasonic pulser-receivers (UPR) were used to generate simultaneously voltage
pulses to actuate the transducers. Both shear and longitudinal transducers had a central
frequency of 5 MHz. The reflected pulses were received by the digital oscilloscope,
amplified, and passed to the PC for signal processing.

Before both specimens are pressed together, a reference signal of ultrasound is taken. This
signal is taken at the point where no contact exists. In these cases the entire incident waves,
shear and longitudinal, a the interface are reflected completely (and virtually none is
transmitted at the metal-air interface). The assumption that the incident wave fully reflects in
an interface of solid-air, is backed by the fact that air poses very low acoustic impedance (400
Ns/m®), as opposed to steel (47x10° Ns/m®). This is the reason why air is considered a pure
reflector or mirror to ultrasound. These signals are therefore equivalent to the incident signals,

and are used as reference pulses
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Figure 3.Different grit blasted upper specimens used in the experiment.

Ra in upper specimens Ra in bottom specimens

Material Before After Before After
Loading Loading Loading Loading

Grit-blasted stedl 1 1.58 1.18 0.03 0.07
Grit-blasted steel 2 242 1.52 0.04 0.16
Grit-blasted steel 3 3.09 1.82 0.04 0.13

Table 1. Roughness before and after test (sample length 5 mm, each result is an average of three
profiles). Both specimens are made up of stedl.

The test specimens are then loaded together and subsequent reflected pulses are recorded.
The load is applied gradually by steps until reaching a maximum nominal pressure of
400MPa. The loading steps consist basically of applying the load from zero to the maximum
with a tension-compression machine. In the same way, the unloading process is executed by

decreasing the load from the maximum value to 5SMPa. It should be ensured that the contact

10
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interface not be downloaded completely as this would involve a different set of asperities to
come into contact in the next loading-unloading cycle.

A Fourier transform is performed on both the reflected and reference signals; dividing one
by the other gives the reflection coefficient spectrum. For a rough surface interface this
reflection coefficient depends on the frequency. Equation for the reflection coefficient
(Equation (7)) is then used to obtain the interfacial stiffness which should be independent of
frequency. In practice, there is little statistical variation due to noise in the signal, and a mean
stiffness is determined for all frequencies within the transducer’s bandwidth. More details of
this method for determining interface stiffness ultrasonically can be found in Dwyer-Joyce et

a. [2].

Results

Figures 4, 5 and 6 show the experimental results of interfacial stiffness versus normal
pressure. Both interfacial stiffnesses, shear and longitudinal, were calculated with equation
(7). Acoustical impedance z, for shear and longitudinal waves were calculated uisng typical
values of speed of sound for steel: 5900 m/s and 3100 m/s, respectively [26]. It can be
observed that the normal stiffness during the loading step of the first cycle in terms of normal
pressure follows an approximate linear relationship [27, 28]. This behaviour has previously
provided a simple calibration route for maps of contact siffness and other studies [29]. It is
clear that to predict the normal pressure from stiffness measurement in a contacting joint, their
roughness has to be reproduced in laboratory specimens and the predictions would only be
useful for the first loading.

The curve of the unloading process in all cases follows a different path than that of the
loading step, showing a hysteresis phenomenon. This also indicates that most of the asperity

plasticity has been achieved at this stage. It has been previously recognized that the first

11
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loading on the contact interface always surpasses the elasticity of asperities and therefore
occurs in elasto-plastic conditions [3]. The ultrasound is not strongly affected by the plasticity
of the contact, and it depends basically on the increase of contact area with load.

After the first loading-unloading cycle, and to ensure that remaining plasticity is fully
removed and the contact is occurring in elastic conditions, 10 more complete cycles were
applied. Under these conditions, the normal and shear deformations are caused by the passage
of a very small displacement wave, which causes only elastic deformation. The results also
show that there is a small increase in interfacial stiffness possibly due to plastic deformation
being added at the end of each loading cycle. The reason for this phenomenon is not fully
understood. However, in arecent study, Gonzalez & Dwyer-Joyce [30] found that two things
can be producing such an effect: stress relaxation and creep which happens when a stress is

sustained for a period of time.
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Figure 4. Normal pressure vs. interfacial stiffness for a steel-steel interface. The upper specimen had a
roughness value Ra=1.58 um before test.

12



1.80
—— Loading step cycle 1 - Normal stiffness

--4 - Unloading step cycle 1 - Normal stiffness

1.60 - —-%-- Loading step cycle 11 - Normal stiffness
S —=2— Loading step cycle 1 - Shear stiffness
1S -
o 140 7 - - Unloading step cycle 1 - Shear stiffness
% ---X--- Loading step cycle 11 - Shear stiffness K N S Ko cm e X
& 1.20 - R S > -
o NSt
4 1.00 | _
<} PRR Normal stiffness
'S 0.80 - e
(7] e TR
=] NS egplip
‘o 0.60 A Shear stiffness
8
S
E 0.40

000 T T T T T T
0 50 100 150 200 250 300 350 400
Normal Pressure, MPa
254
255  Figure5. Normal pressurevs. interfacial stiffness for a steel-steel interface. The upper specimen had a
256 roughness value Ra=2.42 um before test.
257
1.80 - .
—— Loading step cycle 1 - Normal stiffness
—-4- Unloading step cycle 11 - Normal stiffness
160 4 ---x- Unloding step cycle 11 - Normal stiffness
c ---K--- Loading step cycle 11 - Shear stiffness
e 140 | & Loading step cycle 1 - Shear stiffness
o - e - R -
= < - Unloading step cycle 1 - Shear stlffr?t_a;z __________ N VSRR Moo X
IS
o
O
a2
(5}
c
=
173
©
'S
$8
|-
s
=
000 T T T T T T T T
0 50 100 150 200 250 300 350 400
Normal Pressure, MPa
258
259  Figure 6. Normal pressure vs. interfacial stiffness for a steel-stedl interface. The upper specimen had a
260 roughness value, Ra=3.09 um before test.

13



261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

To smplify the plots, in figures 4, 5 and 6 only the curves of the loading step of cycle 11 are
shown. It isimportant to notice that one could use either the loading curve or unloading curve
asthe values are basically the same. The values of stiffness are higher for the contact interface
with the least roughness. In the three different samples, the shear stiffness produces similar

curves to those of normal stiffness.

Analysis and Discussion

Figures 7- 9 show plots of longitudinal stiffness ratio as function of normal pressure. In
addition, the theoretical predictions found in previous literature are compared to the
experimental results (Figure 10). Data from the 1% and 11™ loading-unloading cycles were
used for comparison. This makes it possible to see what happens in an elasto-plastic contact
(first loading-unloading cycle) and in a pure elastic contact (eleventh loading-unloading
cycle). Equation (5) with a Poisson ratio v=0.3 was used to estimate the theoretical
predictions. Our experimental results show a dependence of K/K, ratio on load and rms
roughness. For higher values of roughness, K/K, has a larger mean value. Also, it can be seen
that for high values of roughness there is an increment in the variation rate of K/K,. Clear
hysteresis is observed for mild and high rms roughness (Figures 7 and 8), and almost none
detected for smooth surface. In the last case, a region of constant load independent ratio is
observed. The results indicate an apparent sensibility to plastic deformation during the first
cycles and almost none existent for additional loading cycles.

In the cases studied, the results deviate from the theoretical values predicted by Mindlin
[19]. It can be seen that only for high pressure (Figures 8 and 9) the values approach
theoretical ones in Eq. (5) with A=2. It is interesting to note that the lower ratio values are

always found for the first loading.
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The results for smooth surface shows some agreement with theoretical predictions of
Sherif & Kossa [15] and Baltazar et al. [14]; this last is estimated assuming an average value
of the correction factor £=0.7. Only for this case, it can be suggested that the stiffnessratio is
solely dependent on Poisson’s ratio, and virtually constant for both elasto-plastic contact and
pure elastic. The reason for the behavior which in principle could indicate a fixed relationship
(i.e. load independent ratio) between normal and shear stiffness at some pressure value needs
further investigation. Even though some theories agree with experimental results, it is also
observed that the equation in Krolikowski & Szczepek [16] over predicts the experimental
findings of our study ((K.K,=0.82). In contrast, the model of Yoshioka & Scholz [20]

predicts values significantly lower than experimental data (K, K,~0.29) (see Fig. 10).
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Figure 7. Experimental results of interfacial stiffness ratio as function of loading cycles for smooth

sample 1 (Ra=1.58 pum). Points indicate experimental data and the dashed lineis the
observed trend.
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Figure 10. Theoretical predictions of shear to normal stiffness ratio.

On the other hand, ultrasonic waves are sensitive to the surface roughness but only for high
frequencies when the wavelength is comparable with the height h of the interface. When this
condition is not reached, QSA model can be used to describe the deformation of the interface
Y alda-Mooshabad et al. [31]. In our case, the wavelength in steel for longitudinal wave and a
frequency of 5SMHz is about 1.18 mm. This value is much larger than the rms roughness of
the interface.

From our experimental results, it is possible that an additional mechanism of wave
interaction with the interface can be observed by measuring the stiffness ratio as function of
pressure. In principle, two conditions could be affecting the ultrasonic reflection signature, the
contact at the roughness asperities and the space (voids) left in between the asperities. It is
clear that by bringing the rough surface together, the aspect ratio will change up to a point
where the valleys get flatter. This condition is not accounted by the micromechanical model

since it is built under the assumption of independent asperities deformation. Since the
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observed variation of aspect ratio during loading is controlled by the contact area, it is
possible that the effect of voids is masked by the contact behavior and it is only unveiled
when the ratio K /K, versus pressure is estimated.

A review of the effect of non-interacting voids on the ultrasonic signature was given by
Nagy [11]. According to the study, the interfacial stiffness ratio was found to be sensitive to
the aspect ratio& =a/b of spheroidal voids, where a is the out-of-plane and b the in-plane
dimension. It was shown that the ratio K/K, of two similar solids (v=0.3) in contact varies
monotonically from 0.45 for spherical void (& —1) to 0.88 for flat cracks (&£ —0 ).
Following a different approach, calculations of interfacial ratio using boundary element
method (BEM) and Independent Scattering Approach (ISA) were estimated by Yalda
Mooshbad et al. [31]. In their calculation for an interface with a fraction area of voids of 2.5%
in a matrix with properties ¢, =6.0 Km/sec and ¢=3.0 Km/sec, the ratio was found to vary
monotonically from 0.36 for spherical void (& =1) to 0.76 for flat cracks (£ =0.05 ).

To estimate the mean aspect ratio in our tested surface, an approximation based on the
statistical parameters of the samples (Table 2) was carried out following the analysis of Nayak
[33]. It was found that the determined mean aspect ratio in the fresh surfaces does not change
considerably for samples 2 and 3, with only a decrement of about 25% for the smoothest
sample (Ra=1.58um). These values of aspect ratio give a K/K, of about 0.78 from Nagy [11]
and about 0.76 from Y alda-Mooshbad et al. [31]. The values are higher than our experimental
findings, but it should be noted that the statistical results of samples 2 and 3 show a positive
correlation between experimental K/K, and estimated aspect ratio. However, the smooth
sample 1 has a lower than expected value of K /K, as one would predict based on its aspect
ratio.

Another relevant parameter for our study is the mean curvature which is shown

experimentally to vary proportional to roughness (Table 2); higher asperities are expected to
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353

have larger mean curvature [32]. For fresh surfaces, the aspect ratio is a random variable,
which could be correlated with the distribution of asperities and curvatures [33]. If we relate
the values of curvature with the misalignment of contact proposed by Baltazar et al. [14], the
correction factor would be between 0.9-0.8 resulting in a K/K, value of about 0.65 for
samples 2 and 3 and a bit larger for sample 1 with a smooth surface. The result for the smooth
surface is in the opposite direction to the expected direction of correlation between interfacial

ratio and the mean curvature.
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Sample Orms m, m; My a Km Jsum Aspect

() () (egree)  (um) "

1 204 422 0.046 0011 2470 24.30 130.50 0.031
Ra=1.58 um

2 310 970 0074 0015 2750 30.50 154.10 0.040
Ra=2.42 um

3 390 1528 0.100 0.018 27.70 32.70 175.00 0.044
Ra=3.09 um

Table 2. Additional experimental statistical parameters for the samples studied. o is the
rms roughness, mp, m,, my are the spectral moments of the surface, « is a parameter related
with the width of spectrum, ky, is the mean curvature, and ds,m 1S the mean distance between
summits.

From the above discussion, there is no clear evidence to indicate if any of the two proposed
parameters: radius of curvature or aspect ratio is solely controlling the observed stiffnessratio
variation during the loading cycles.

It is also possible that if the stiffness ratio is truly constant at the asperities contact, then
the ratio variations are related to change in the shape of the voids. However, the shape of the
voids is controlled by the contact of asperities. Therefore, any change in the contact area at
the asperities will control the variations of the voids. This empirical analysis could explain the
observed hysteresis, which is expected for large plastic deformation and correlated with the
larger roughness.

The problem is far from being resolved, and the experimental results show that the
micromechanics of shear contact may be more complex than expected, with that said,

mechanics such as slip and/or ellipsoidal contact just to mention a few, could be affecting the

interfacial ratio [34, 35].
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Conclusions

An ultrasonic approach has been used to determine the normal and shear stiffness for three

different grit-blasted contacting surfaces. Experimental data of stiffness ratio was found to be

sensitive to both roughness level and plastic deformation. Degree of hysteresis for the

loading/unloading cycles was found to be a function of the roughness level. The assumption

of ultrasonic wave sensitivity to other roughness parameters such as aspect ratio of voids and

radius of curvature did not completely follow our experimental findings. A non-constant

stiffness ratio suggests that additional parameters other than those that describe the Hertzian

contact are being unveiled by the interfacial stiffnessratio.
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