Measurement and Modeling of
Normal Contact Stiffness and
Contact Damping at the Meso
Scale

Modeling of contact interfaces that inherently include roughness such as joints, clamping
devices, and robotic contacts, is very important in many engineering applications. Accu-
rate modeling of such devices requires knowledge of contact parameters such as contact
stiffness and contact damping, which are not readily available. In this paper, an experi-
mental method based on contact resonance is developed to extract the contact parameters
of realistic rough surfaces under lightly loaded conditions. Both Hertzian spherical con-
tacts and flat rough surfaces in contact under normal loads of up to 1000 mN were
studied. Due to roughness, measured contact stiffness values are significantly lower than
theoretical values predicted from smooth surfaces in contact. Also, the measured values
favorably compare with theoretical values based on both Hertzian and rough contact
surfaces. Contact damping ratio values were found to decrease with increasing contact
load for both Hertzian and flat surfaces. Furthermore, Hertzian contacts have larger
damping compared to rough flat surfaces, which also agrees with the literature. The
presence of minute amount of lubricant and wear debris at the interface was also inves-
tigated. It was found that both lubricant and wear debris decrease the contact stiffness
significantly though only the Ilubricant significantly increases the damping.
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1 Introduction and Background and Williamson(GW) [8] statistical model of rough surfaces is
Interfacial parameters including contact stiffness and conta%%ua”y USEdf to Or?tam the contact siifiness. E)r:perlmental meZ'.l
damping are of great importance to contact dynamics and intg%re_megts 0 I.SU.C dparametersd_arg ts)c?rce aa they are noh readily
face modeling. There are numerous applications where charac%rEallne ' 'In imited cases studied before, they are usually ex-

izing and understanding the interfacial behavior of lightly loade acted using 'T‘d!re"t method$] or system |dent|f|cat|on meth-
contacts is critical. These include meso-scale assembling appli8 s[10]. Descriptions of some of the methods which can measure

. ; S i - . nterfacial parameters are discussed next.
tions[1], robotic application$2], gripperd 3], micro-bearings and .
spindie bearings in magnetic storage hard disk dris and Serpg[11] developed a tester to measure the contact stiffness of

. S F]ough surfaces at the macro scale using the contact resonance
lightly loaded mechanical joints in general. In all these cases, t B thod. The load range thev studied was hiah. varving from 15 to
contact loads involved range from a few millinewtons to hundre ' 9 y gh, varying

of millinewtons. Joints and contacting surfaces provide coupli 5 N. They measured very large contact stifiness values that

forces and moments between structures, as well as energy disSh oo with load, which also were in agreement with modeling
X - ' ; 9Y A28l based on rough surfaces. Using a similar idea, Hess and
pation. Although joints and contacts are common in practical e

. : 2 . . U\'lagh[12] extracted the surface roughness from contact resonance
gineering appl!cgtlong, there are certain aspects of thely dynamrLﬁgasurements Such works for measuring contact stiffness and
such as sensitivity to interfacial parametég., contact stiffness, :

contact damping, and surface roughpebat are not fully under- contact damping are indirect methods. They all measure some
ping, u ug ully un arameters which are related to the contact stiffness and/or contact
stood and modeled. Such phenomena cause uncertainty in sy

erformance and reliability predictions rFﬁping through some known dynamic system model. The key in
P tis | K that ty pt' f : igid bodi such works is to know precisely the system dynamics under the
def IS Obr;g nlc.)é/vn 'tﬁ rtea |nghsur aces asd ngi i odies or t.ac% ditions to be studied. Once such parameters are measured, the
elormaplé solids without roughness IS Inadequate as praclit@hiact stiffness and/or contact damping can readily be obtained
surfaces always possess some degree of roughness. The si €Ld on the known dynamic model
”.‘ethOd to mode_l a contact interface is to use a spring and an completely different method to measure contact stiffness is
VIScous damper in paraIIeI_. In such m_odels, itis aCkn°W|_edg%%sed on ultrasonic methods. According to Dwyer-Joyce and co-
that in the absence of lubricant at the interface, damping is V&R, iiers[13 14, if an interface is modeled as a stiff spring, an
low, and also the stiffness is nonlinear with the normal load. M(?_:E&uation can be derived which predicts the frequency profile of
advanced models fo_r contacting mterfaces_ _hav_e also been > reflected ultrasound. By performing a Fourier transform upon
gested, where the stiffness from the asperities is separated frg[g trasonic echo from the interface, the stiffness of that inter-
the stiffness of the lubricarib], or the bulk stiffness is also added, e can be calculated. In their model, because the interfacial dy-
[6]. The contact stiffness can be obtained from analytical contaet mics are modeled without considering the contact damping,
models, e.g., using the Hertzian contact model for spherical CQfey can only measure the contact stifiness.
tacts[7]. For the case of rough surfaces in contact, the Greenwoodanother method to measure contact stiffness and damping at
— ; ) the nano-scales has been presented by Asif efldd]. This
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sinusoidal load in the micronewton range. Then, using a dynaniigble 1 Typical CLA (R,) values from various manufacturing

model of the indenter, a map of complex stiffness is created. Ajrocesses

though this imaging method is capable of very high sensitivity, the

test rig is complicated and the dynamic model contains many

uncertaintiegnonlinearitie$.
A direct method based on the definition of the contact stiffne&s (um) 10 3-10 1-3 0.2-1 0.02-0.4

has also been used to extract contact stiffness values at the nafRe

scale. In such methods, one measures the contact load and the

corresponding approach, and then from the slope, the contact stiff-

ness is extracted directly. This idea has been successfully applied

to nanoindentation measuremefit§,17] to directly measure the smooth they are. For example fine machining operations produce

contact stiffness. Although this method can achieve a very highirfaces with(rms) roughness values d®q~1 um, where lap-

sensitivity, it is only suitable in nano-scale applications and alsoping and super-finishing produce much smoother surface with

cannot measure the contact damping. Rq~0.1um. Table 1 lists typical roughness values that were ob-
In this paper, a tester based on the resonant frequency methothiged from different machining processgl8]. Typical values

developed. This tester can measure both contact stiffness and dange from 0.02 to 1&m and one should expect that the degree

tact damping in meso scale interfaces. The contact load is variefdroughness will directly affect the contact stiffness.

from 100 to 1000 mN. The tester has a very simple dynamic Greenwood and Tripd19] analyzed the contact between a

response, so that the contact stiffness and damping can unamblfg@ugh sphere and a plane and reported that at low loads, the actual

ously be obtained. Both Hertzian and flat surfaces are tested ungentact pressure in the presence of roughness is only one-third of

unlubricated dry conditions, and in the presence of minutBe theoretical smooth Hertzian contact pressure. Consequently,

amounts of lubricant and wear debris. In typical tests, the systéhe actual Hertzian contact stiffness in the presence of roughness

resonance will be constant independent of the load, whereas &idight loads will be approximately one-third of the value given

contact resonant frequency will shift with increasing contact loably Eq. (2), i.e.

The measured contact stiffness for both Hertzian and flat rough

Rough  Coarse Fine Grinding/ Lapping/
casting machining machining polishing superfinishing

surfaces is favorably compared with modeled predictions. kCHR:@ (3)
3
2 Analytical Calculations of Contact Stiffness At intermediate and higher loadsg is more complicated to

calculatef19]. However, it is larger than that given by E®) and
pwer than that given by Eq(2), sincekcy values based on
H‘_IOOth surfaces will give an upper-bound estimate.

2.1 Concentrated Hertzian Contacts. Hertzian contacts
consisting of spherical surfaces are found in many practical apd
cations, such as bearings, rail wheels, and clamping devices. S
ures 1a) and Ib) show a schematic representation of an equiva-
lent sphere of radiuR in contact with a smooth surface and in 5 5 £ytanded Flat Surfaces in Contact
contact with a rough surface, respectively. According to Hertzian
contact theory, for a smooth sphere in contact with a smooth flat2.2.1 Smooth SurfacesWhen two flat surfaces are in con-
surface under a loa®, the normal approach or deflectidnis tact, a simplification is to assume that they are infinity smooth,

given by[7] i.e., do not possess roughness. In the case of the contact between
gp2 |18 an infinitely smooth surface, which has thickndgsand radiusa,
A=[—] (1) and a rigid infinite half space, shown in Figa2, the relationship
16RE*? between the contact lodd and the approach is given y]
whereE* is the equivalent Young’s modulus of elasticity given by 1—2 20, v
, , A=P(—* 2Inl —| - “
1 1—- vy 1— vy 7E a 1-v

E* E: E, Based on Eq(4), the contact stiffness for smooth solids can

subscripts 1 and 2 refer to surfaces 1 and 2, respectively. Diffégadily be calculated and typical values for metallic surfaces are

entiating the approach with respect to load® and taking the of t'he O(der of 10 GN/m,. which are unrealistically high. As de-
inverse yields the contact stiffness, i.e. scribed in the next section, the presence of surface roughness

decreases the values of the contact stiffness by several orders of
. _dP_ 3[16RE*? l’SPUS magnitude.
CHda 2

@)
9 2.2.2 Rough Surfaces.Greenwood and Williamsof8] intro-

Equation(2) gives the contact stifiness for a smooth Hertziaduced a systematic way of modeling surface roughness in contact,
contact. However, it is well recognized that all engineering suknown as the GW model. In this model, it is assumed that the

faces possess some degree of roughness, irrespective of IgRerities on the surface are spherical in shape with a constant
radiusRg, and the heights of the asperities follow a certain prob-

ability distribution function. Furthermore, they found that many
engineering rough surfaces follow a Gaussian distribution. Figures

P P 2(b) and 2c) show a schematic representation of two contacting
rough surfaces and the corresponding GW model, respectively.
Assuming that under normal load all asperities deform elastically,
the contact load is given by

P(d)= = pAE*R? J (-dPedz )
W ® ¢

@/l /7777777 077777777777 whereg(z) is the asperity height distribution. Following the same
assumptions as in the original GW model, CE®)] derived an

Fig. 1 Schematic of a Hertzian contact: (&) smooth interface, elastic-plastic contact model. Assuming a Gaussian distribution

(b) rough interface for the asperity heights, the CEB model is given by
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Fig. 2 (a) Infinitely smooth surfaces in contact; (b) rough flat surfaces in contact;  (c) GW
contact model

4 d+0, 2.3 Contact Stiffness Simulations. In order to gain further
P(d)= —— nA,E* Rg&f (z—d)%% 2124 insight into the contact stiffness values for the different geom-
V2w d etries discussed earlier, consider Fig. 3, which shows analytical

. contact stiffness predictions for Hertzian and rough surface con-
m A - 2212 tacts. For the Hertzian contact, the parameters used in the simu-

* \[ZRSKH 7An fdm [2(z=d)=Qcle *Tdz lation are the same as listed in Table 2. For the rough surfaces in

¢ contact, the rms roughness used Rgg=10 nm, 100 nm, and 1

(6) pm, while all other parameters are the same as listed in Table 4. It

For a Gaussian distribution, there is no closed-form solution fé& seen that in all cases, the contact stiffness is lower at low loads

the contact load®, for both elastic contadtEq. (5)] and elastic/ and initially increases sharply with load. For the Hertzian cases,
plastic contacfEq. (6)], and thus the contact stiffneks. There- the contact stiffness remains approximately constant after 100
fore, the contact stiffness is calculated numerically based on EgN, whereas for flat surfaces, the stiffness continuously increases
(5) or (6). However, a good approximation to the Gaussian distith load. Furthermore, smoother surfaces have higher contact
bution is the use of an exponential asperity height distributioffiffness values than rougher surfaces. When, the surfaces are very

$=ce R4 [21]. In this case, the contact calculations are sinfough withR,=1um, then the contact stiffness approaches that

plified and there is a closed form solution to E§). Thus, for an ©Of Hertzian contacts. For example, at a contact load of 50 mN, the

exponential distribution and elastic contact, the nonlinear cont&@ntact stiffness for rough surfaces with roughnBgs-10 nm,

force is given by Rq=100 nm, Ry=1 um, smooth Hertzian and rough Hertzian
(R=0.794 mm) is 17, 2, 0.2, 1.3, 0.43 MN/m, respectively,

c\mBE*A, Rq| Y _\dIR whereas at a much higher load of 1000 mN, their corresponding

P(d)= TN ES) e a (7)  values increase to 220, 30, 3.6, 3.6, 1.2 MN/m. Despite the two to

. three orders of magnitude difference in contact stiffness values for
wherec=17 and\ =3 are curved-fitted constants that cover moshe cases considered in Fig. 3, these values are still several orders
practical range$21]. The contact stiffness is then obtained as of magnitude lower than the case of infinitely smooth flat surface

in contact with a rigid infinite half space. In that case, &t
(8) =105.3GPa,»=0.29, d,=10 mm, and contact radius c
=0.76 mm, the theoretical contact stiffneds=58.9 GN/m,
Equation(8), which gives the contact stiffness for the simplewhich is unrealistically high.
case of elastically deformed asperities with an exponential distri-
bution of asperity heights, implies that for a particular surface )
pair, the contact stiffness depends on the rms roughRgsand 3 Experiment
the normal contact force.

|kc(d)|=

A
R—qp(d)

3.1 Experimental Tester. Based on the theoretical contact
stiffness predictions discussed in Sec. 2, values can vary by as
much as several orders of magnitude depending on the contact
geometry, the degree of roughness, and the normal load. Further-
more, the absence of models for contact damping makes experi-
mental measurements of both of these quantities very important.
As discussed in Sec. 1, an experimental method based on reso-
nance is used in this work to measure the interfacial contact stiff-
ness and damping. Figure&@#and 4b) depict a schematic of the
experimental tester and its system model representation, respec-
tively. The contact interface is modeled as a linear stiff spring in
parallel with a linear damping term. Because this experimental
method is based on the contact resonant frequency, a critical part
of the setup is to reliably obtain the true value of the contact
---- Smooth Hertzian Contact resonance. Thus, a major issue in designing the tester is to isolate
1§ - EOUQh Hertzian Contact the contact elements from the other parts of the tester. In this

ough Surfaces ContactR =10 nm E . .
~ Rough Surfaces Contact: R’ =100 nm research, two stainless steel soft tube spririgsk,) are used to
q isolate the contact part from the tester frame. The dimensions of
------- Rough Surfaces ContactR =1 um the tube springs are: diameter, 19 mm; length, 30 mm; and thick-
-2 . ] ] ] ness, 0.5 mm. These dimensions are selected so that the system
0 200 400 600 800 1000 resonance will be low of the order of a few hundred hertz. Simi-
Contact Load (mN) larly, m;=0.107 kg andm,=0.108 kg are designed so that the
value of the contact resonance is well above the system resonance
Fig. 3 Analytical contact stiffness versus contact load but well below the structural tester resonances. The applied con-

Contact Stiffness(MN/m)
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Table 2 Material and roughness parameters, Hertzian contact

Young's .
modulusE  HardnesH Poisson RadiusR Roughness Combined Combined
(GPa (GPa ratio v (pem) Ry (um)  E* (GPa R (um)
1/16 sphere 192.92 2.96 0.29 793.75 0.451
stainless steel
type 302 105.3 739.75
Flat sample 17- 192.92 2.96 0.29 0.137

4PH stainless steel

tact force is measured using strain gauges that are directly atass using a sharp impactor with a diameter of 0.8 mm and a
tached to the lower tube spring. Notice that the choice of readyeight of 2 mN. Conventional miniature accelerometers are at-
made force transducerstrain gauge-based or piezo-basésl tached on the lower mass to measure the accelerations of the mass
prohibitive as it will add dynamic complexity to the system, byblock. To ensure that during an impact experiment there is no
introducing additional frequencies in the range of interest. swing or rotation motion in the system, two accelerometers are
attached on two opposite sides of the mass block. Monitoring the

32 Strain Gauge Calibration. In these experiments, the, itial few milliseconds of data, to be identical from both acceler-
contact load was measured using miniature strain gauges attached '

directly on the outside surface of the lower tube spring shown fneters, ensures thgt there is no rotation of 'the mass. A tYF"C"’!'
Fig. 4(a). Even though the experiments were performed in a lab _easur_ed ?.CC€|€I’8.UOF_I response under an impact excitation is
ratory room with controlled temperature (22°C) and humiditg‘own in Fig. 6a). Notice that in all experiments performed in

levels(25% RH, there was a small drift of the strain gage voltag&is work, the maximum acceleration remained under 9.8% (/s
signal. To minimize its effect on the measured load, calibratioi§ ensuring that no loss of contact at the interface occurred. Figure
were performed before and after each experiment. Such typi€4p) depicts average spectf@ach spectrum is averaged from
calibration curve is depicted in Fig. 5. It is observed that th@ight individual testsobtained from three separate experiments
calibration curve is very linear within the load range of interedtnder different normal loading conditions and using the same in-
and is almost identical before and after the experiment with tferface samples. As expected the system resonance is lower and
sensitivity of 0.042 mV/mN. approximately constant at 335 Hz, independent of load for the
. given cases. On the other hand, the contact resonance increases

3.3 Experimental Procedure. The samples to be tested areith increasing load, from 1880 to 2170 Hz for 440 and 800 mN,
attachec_i on the top mass; a_nd_ bottom_ massn, using rlgld_ respectively. Note that there are no other resonances up to 10,000
connectiong(set screwsto avoid introducing additional compli- 1, " confirming that the tester only contains the two desired reso-
ance in the system. A micrometer is used to exert the load R¥nces. The contact resonance is related directly to the contact

controlling the vertical positiqn of the top mass. Once the ;urfacgﬁﬁness and contact damping as described in the next section.
come to contact under certain controlled contact I@etermined

from the strain-gauge readouthe vertical position of the top 3.4 System Dynamic Model. Based on the lumped param-
mass is locked in place, thus isolating the nonlinear and unknowter system model shown in Fig(b}, the system dynamic equa-
dynamics of the micrometer. Then, an impact is exerted on the tbpns can be written as

I
Micrometer —p. e
Vertical Hollow shafl F,=Impulse excitation
positioning / Locking
stage  — mechanism
[ a0 [® Fi
r 1 N —e e —
=
=1 K
i : ==
Soft spring Acceleroms l::rL -:P
k;
s
. 4 | X:
e |
Test r—— K. % C.
samples m, I
Strain gages “ Set mz
Soft - ) screws 1X2
spring &, _m”:ﬁ"" Hg]dfr % Kz
W e
(@) | Frame I () e

Fig. 4 Meso-scale contact stiffness and damping tester (a) schematic, (b) system model
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Fig. 5 Calibration of the strain gauge used for measuring the

o Before experiment(R=0.99)
& After expenment{R=0.99)

200

normal contact load

400 600 B0
Contact Load{mM)

1000

Acceleration (g)

MyX1 = Ce(Xp—Xq) +Ke(X1—Xz) +Kixg =myg (99)
Moy + Ce(Xo—X1) = Ke(X1—Xz) +KoXp=m,g (9b)

The characteristic equation is obtained as
0.3

0.07}

0.06f

Acceleration (m/sz)

0.01}

(b)

Fig. 6 (a) Typical acceleration signal,

0.05}

0.04}

0.03}

0.02}

System resonance 7
/ Contact load 800 mN
Contact load 560 mN ]
Contact load 440 mN
~4.J u‘ desp ’ N
500 1000 1500 2000
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rough flat surfaces contact with three different contact loads
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2500

(b) average spectra for

—mw?+jc.w+ket+ Ky —jcco—ke
0

(10)

Solving for the contact stiffness, its value is a complex number
and is given by

—jcow—k, —Myw?+jcew+Ketky|

K _mlm2w4—(m1k2+ mzkl)w2+ klkz
° (My+my) w”— (ky +kp)

—jcco  (11)

In the presence of contact damping, the root of the characteris-
tic equationw is a complex number. Physically, it means that there
is some signal decay because of the presence of damping. Since
the effect of damping on contact stiffness is small, one is prima-
rily interested on the absolute value lof. In the model consid-
ered in this work, the effect of contact damping on the calculation
of k. is ignored, and the contact stiffness is simply taken as the
magnitude of Eq(11), i.e., ignoring the imaginary part.

As described earlier, based on the acceleration signal from a
typical impact experiment, one can readily extract the resonance
frequencies, i.e.wq, w,, and the contact damping ratios. In this
work, the Eigensystem Realization AlgorithilBRA) [22] method
is used to extract the contact resonances and damping ratios di-
rectly from the acceleration measurements. ERA is time-domain
realization technique based on a least-squares fit using a singular
value decomposition to determine the model order. Note that other
methods, such as spectrum analysis, were also used in this work to
extract the resonant frequencies, and the results agree with the
ERA results. According to Eq11), substitution of any one of the
two resonancesaf; ,w,) will give the contact stiffness. However,
since w; is almost unchanged with increasing contact load,
whereasw, strongly depend on the contact load, it is preferable to
usew,, in which is done in this work.

4 Experimental Results and Discussion

4.1 Hertzian Contact. In these experiments, a 1.59 mm
(1/16 in) diameter stainless steel sphere is used to contact a nomi-
nally flat stainless steel surface. The material and surface rough-
ness parameters are shown in Table 2. The roughness parameters
were extracted from 1-mm-long profilometric scans. Since both
the flat and spherical samples possess roughness, the theoretical
contact stiffness calculation is obtained from the Hertzian equa-
tion with roughness i.e., Eq3).

Before each experiment, the samples were cleaned using an
ultrasonic cleaner and immersed in acetone, followed with propy-
nol rinsing and drying with hot dry air. For rigidity, the sphere was
pressed fit in a smaller hole on the flat sample, with the use of a
minute amount of a rigid adhesive, and the flat samples were
attached to the tube springs using set screws. To perform an ex-
periment, the spherical sample was advanced downwards via a
micrometer with 1um resolution. The normal load was monitored
from the strain gauge readout. Once the desired normal contact
load was obtained, the upper system holding the sphere was
locked in place to eliminate the compliance and the presence of
any nonlinearity in the micrometer. Then, using the small impac-
tor, a small impact was applied on the back side of the sample
holding the sphere and the accelerations were digitally recorded
on a computer for further processing. Analog filters were used to
bandpass filter the acceleration signals from 10 Hz to 10 kHz, and
the sampling rate was set at 25 kHz. Typical acceleration signals
are as shown in Fig.(6) and average spectra in Figbd. The
spectrum contains two peaks, the lower one associated with the
compliant tube springs and the higher one with the contact reso-
nance. The frequencie®,, w,, and contact damping ratié,
were extracted directly from the acceleration signals using ERA.
The contact stiffnesk, was then calculated using E@.1).

The experiments were performed under different loads ranging
from 70 to 1000 mN. At each contact load, eight impact experi-
ments were performed and averaged to reduce noise effects. In

Transactions of the ASME



Table 3 Contact resonance values at different contact loads, Hertzian contact—system reso-
nance is constant at all loads, ;=281 Hz

Contact loadmN) 73.6 147.2 220.7 245.3 392.4 490.5 735.8 981.0
Contact resonance 598 632 716 733 812 854 898 955
w, (Hz)

this range, the strain gauge has a good sensitivity and linearitjally, the experimental values fall between the theoretical Hert-
The data show that the system resonance is fixed at around 281zi#mn contact stiffness values for smooth surfaces and the rough
and the contact resonance increases with increasing contact lbtedtzian simulation results. As expected from Hertzian theory, the
as shown in Table 3. Specifically the contact resonance changestact stiffness is nonlinear and behaves as a stiffening spring.
from 598 to 981 Hz when the contact load is 73.5 and 981 mNhe difference between the experimental and theore(icalgh
respectively. Using Eq(11), the calculated contact stiffness andesultg, especially at higher loads, is due to the assumption that
using ERA the extracted contact damping values are shown in Figughness decreases the Hertzian contact stiffness by a factor of 3,
7 with “box and whisker” plots under different levels of contactwhich is only approximate. As explained in Sec. 2.1., according to
load. The box has lines corresponding to values at the lower quRef. [19], this factor is only applicable at lower loads. Neverthe-
tile, median, and upper quartile values and the whiskers are liness, the measured results are consistent with models from the
extending from each end of the box to show the extent of the rdierature.
of the data. Outliers are data with values beyond the ends of theéBased on the above-mentioned Hertzian results, it is confirmed
whiskers and if there are no data outside the whisker, a dottigat the proposed meso scale contact stiffness and damping tester
placed at the bottom whisker. Clearly, the statistical variation & capable of measuring the interfacial properties reliably at a
the data at each contact load is very small except for the contacrmal load range from about 100 to 1000 mN. Note also that the
damping ratio under light load. Specifically, the variation for thabove-mentioned experimental contact stiffness values were also
contact stiffness is typically less than 2.6% of the average valaenfirmed using spectrum analysis of the acceleration signals.
for eight tests. For the contact damping the variation is typically Using ERA analysis, the contact damping ratio at each contact
less than 11.1% of the average value for eight tests. Examinilogd is calculated and is shown in FigbY. It is seen that at light
Fig. 7(a) which shows both the experimental and theoretical cofeads, the contact damping is much higher than that at higher
tact stiffness values, one observes that the measured values aljr@ags—specifically, at 100 mN;,=17% and at 1000 mN{,
well with the theoretical values based on Hertzian theory. Spe-3%. It is postulated that the reason for the difference is due to
the presence of micro-slip at the interface during the impauct
indentation process, in agreement with Rg23]. At higher loads,
o ; : a 2 , ; 2 the interface is more constrained, resulting in less micro-slip and
thus smaller damping. Also, notice that the contact damping de-
creases quickly with increasing load at lighter loads, but when the
Theoretical prediction, ] load reaches some level, there is no obvious contact damping
smooth Hertzian contact . - change with further load increase. To confirm that indeed the
o damping remains constant at even higher loads, several impact
1 experiments were performed at even higher loadoup N and it
was found that the contact damping is nearly unchanged. For ex-
ample, the damping ratio for 2.5 N is about the same as the one at
o i 1N, ie.,{~3%-4%. The contact damping ratio decrease with
' ’T"“'“' Vel e increasing contact load has also been reported in the literature. For
T gt example, in Ref[24] it was reported that lower clamping forces
1 during machining, result in improved dimensional precision, due
B i i3 t Theoretical prediction, to higher contact damping in the tangential direction. Such find-
. . | hogih Hedtzl contect. ings are somewhat counterintuitive, as one usually expects that
74 147 221 245 392 401 T36 081 increasing clamping forces will result in less work-piece move-
(a) Contact load {mN) ment and thus improved dimensional accuracy.

=%

(5]
[}

............ Py -

. w=""Experimental data with ==

Contact stiffness (MM/m)
P

1

25 : : - : 4.2 Flat Rough Surfaces in Contact

Exparimental data with statistical variati . . .
R R SR 4.2.1 Unlubricated (Dry) Conditions. For these experiments,

g 1 typical stainless stedftype 17/4PH flat samples were used to

B
=

obtain the contact stiffness and damping. The material and rough-

ness parameters are shown in Table 4. Both samples were machine

ground and then polished with 600-grit paper to obtain the desir-

= E able roughness properties. The nominal contact area is
ES

-y
on

e [

1.824 mn.
= ] The procedure for performing the experiments at different nor-
- mal loads is the same as described earlier for the Hertzian contact.
= | Particular emphasis is given to ensure that the two flat samples are
e o aligned properly with the contact area equaling the nominal con-
= tact area of the samples. From the acceleration data, the resonant
i i i . i " . " frequencies were extracted using the ERA metfadso confirmed
74 147 211 245 382 491 736 981 using spectrum methg@dand as expected, the first resonance is
o) Contact load (mN) fixed at around 356 Hz and the values of the second resonance at
different contact loads are listed in Table 5. In this case the change
Fig. 7 Hertzian contact: (a) contact stiffness; (b) contact in the contact resonance with normal load is much larger than the
damping ratio versus contact load Hertzian casd€Table 3, changing from 1410 Hz at 264.9 mN to

Contact damping ratio (%)
=

o
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2234 Hz at 927 mN. Using, in Eqg. (11), the experimental con-

Table 4 Material and roughness parameters for contacting flat rough surfaces

Individual surface parameters

Combined interface parameters

E(GPa H (GPa R, (um) Ry (um) y(/pmd)

E* (GPa Rs(um) p(/um?) Rg(um)

Sample 1 192.92 2.96 0.167 3.555 0.122
Sample 2 192.92 2.96 0088 7.409 0144 1053 2402 0125  0.189
Table 5 Contact resonance values at different contact loads, flat rough surfaces—system
resonance is constant at all loads, @,=356 Hz
Contact load 264.9 348.3 431.6 524.8 549.4 627.8 784.8 927.0
(mN)
Contact 1410 1701 1855 1925 1979 2079 2146 2234

resonancev, (Hz)

Referring to Fig. 8a), as expected the values of the contact

tact stiffness values at each load are obtained. Based on rosgjffness are higher than the Hertzian coniaete Fig. 7, and they
surface contact theory as described in Sec. 2.2.2, the theoret@ab nonlinearly increase with load. Specifically, at 200 rkN,
contact stiffness values are also calculated using the CEB elasti@ MN/m and at 1000 mNk.=10 MN/m. At lower loads from
contact model. The experimental and theoretical contact stif00 to 600 mN, the experimental results agree with the theoretical
nesses versus contact load are shown in Fig). 8Again, the predictions very well. At higher loads the experimental values are
experimental data are plotted showing their statistical variatidower than the theoretical predictions, even though they are still
using “box and whisker” plots under different levels of contacsimilar. A reason for this difference is that at lower loads, the

load.

o Contact stiffiness (MN/m)

Contact damping ratio (%)

(b}

Fig. 8 Flat rough contacting surfaces:

15— ™ - T
Theoretical prediction _l_,.-"'-l
10} l a,.,-'"f e
-— =
e —
ok l
3f " Experimental data with )
g statistical variation
265 348 432 525 549 628 TBE 927
Contact load (mM)
5 . . . .
Experimental data with statistical variation
At J
at 5 ]
at | ]
= 1
1F 4
P .. I i N
265 348 432 525 549 628 TA5 027

Contact load {miN)

(a) contact stiffness;

(b) contact damping ratio versus contact load

58 / Vol. 127, FEBRUARY 2005

nonlinearity is not as significant as at high loads. A strong nonlin-
earity will cause a large frequency distortion and thus the reso-
nance frequency will be significantly lower than the actual value.

The experimental contact damping behavior is similar to the
Hertzian case, i.e., it decreases with increasing load. However,
compared to the Hertzian contact, the contact damping in the case
for the flat rough surfaces is significantly lower as shown in Fig.
8(b). Notice that in this case, the statistical variation of the data is
again very small as shown in the figure, except for the lowest load
of 265 mN, which is significant. Specifically, the contact damping
varies from as high as 2.8% at low loads to only 0.16% at loads
higher than 500 mN. The lower damping can be explained by the
fact that(a) the flat surfaces are smoother than the Hertzian sur-
faces, andb) according to Ref[23], the ratio of slip zone size to
the contact zone size is the same for sphefiei@rtzian and flat
(punch contacts. However, the slip zone for the Hertzian contact
always remains a “curved surface,” resulting in a larger actual
slip area than the flat surface. Thus the Hertzian contacts have
larger damping compared to flat surfaces contact. This smaller
damping ratio for flat rough surfaces in contact is very important
in practical applications. It suggests that Hertzian contacts as well
as rougher contacting interfaces will lead to higher contact damp-
ing, especially at lower contact loads.

4.2.2 Effect of Boundary Lubricant and Wear Debrighe
above-presented experiments were performed under the simpler
conditions of unlubricated, or dry contacts. Practically, many con-
tacts contain small amounts of liquid lubricant or grease, and wear
particles resulting for example from friction or fretting wear. In
this work, experiments in the presence of boundary lubrication
and wear debris were also performed to investigate their effect on
the contact stiffness and damping. The samples used here were the
same as for the dry experimer{iee Table # After cleaning the
samples with acetone and alcohol, in the case of the boundary
lubricated experiments, a very small amount of 2 mg of a com-
mercially available polyolestgiPOE) lubricant was added to the
contact before testing. The small amount of lubricant simulates
boundary and mixed lubrication conditions. In the case of the
wear debris experiments, after sample preparation the surfaces
were manually rubbed against each other at a normal load of
approximatef 5 N and in a reciprocating motion at a total of 100
times. Examination under the microscope confirmed the presence
of minute wear particles.
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eral orders of magnitude, compared to infinitely smooth deform-
able solid surfaces. Furthermore, in both Hertzian and flat surfaces
the experimentally measured contact stiffness values agree well
with theoretical calculations based on rough Hertzian and rough
flat contacting surfaces. In both Hertzian and flat surfaces, the
contact stiffness nonlinearly increases with increasing contact
load, behaving as a nonlinear stiffening spring. On the other hand,
contact damping decreases with increasing contact load. Com-
pared to rough flat dry surfaces in contact, Hertzian dry contacts
have significantly larger damping. This suggests that Hertzian
contacts are more efficient than flat contacting surfaces in the
design of fasteners and other interfaces since higher damping usu-
ally provides improved dynamic system performance. Lastly, the
effects of lubricant and wear debris were investigated and it was
found that both lubricant and wear debris significantly decrease

15
—o— Dry contact
—4¢— Boundary lubricated
£ —8— Wear debris
< 1o}
1]
w
@
£
k7]
8 5¢
kS
o]
(¢}
0 1 1 1 L
0 200 400 600 800 1000
(a) Contact load (mN)
10
—e— Dry contact
—4— Boundary lubricated
8t —&— Wear debris

Contact damping ratio (%)

the contact stiffness, however, only the lubricant significantly in-
creases the contact damping.
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4r ' Nomenclature
a = contact radius for infinitely smooth flat surfaces
2 A, = nominal contact area
¢ = constant coefficient in E(q7)
c. = contact damping coefficient
0 . . S——=0 d = mean normal separation between rough surfaces
0 200 400 600 800 1000 dy, = thickness of solid infinity smooth surface
(b) Contact load (mN) E* = composite elastic modulus
Fig. 9 Experimental measurements for flat rough contacting g B acceleration due to graVI_ty
surfaces under different conditions: (a) contact stiffness; (b) H = h‘"?‘fd“ess of softer materlal
contact damping ratio versus contact load ki, ky = stiffness of tube springs )
. = flat rough surface contact stiffness
kcy = Hertzian smooth contact stiffness

The results from these experiments are depicted in Fig. 9. Re- Kenr
ferring to Fig. 9a), both the presence of lubricant and wear debris K
will significantly decrease the contact stiffness. Specifically at 5001, M2
mN, k.=2.45, 2.97, and 7.31 MN/m for wear debris, boundary
lubricated, and dry conditions, respectively. The significance of

Hertzian rough contact stiffness

material constant in Eq6), K=0.454+0.41v,
masses of tester blocks

normal contact force

sphere radiugequivalentR *=R; *+R; %)

this finding in engineering applications is that the presence of R, = Center line average roughness
small amounts of lubricant or wear debris will significantly de- ~ Rq = rms roughness of asperity heights
crease the contact stiffness at the interface. Rs = average radius of asperities

The effect of boundary lubricant and wear debris on damping isX1, X2
shown in Fig. $b). The lubricant increases damping significantly, Xy, X,
whereas the presence of wear debris slightly increases the damps, Xo
ing. At 500 mN, {,=0.18%, 1.60%, and 6.85% for dry, wear z
debris, and boundary lubricated conditions, respectively. As with B
the contact stiffness findings, the significance of the contact damp- A
ing findings in practical engineering applications can be seen, for  {¢
example, by adding small amounts of lubricant at a joint, thus 7
increasing significantly its damping and energy dissipation prop- A
erties. v

@
w

5 Conclusions

normal displacements of mass blocks
normal velocities of mass blocks
normal accelerations of mass blocks
asperity height

roughness parameteyRsR,

surface normal approach

contact damping ratio

areal density of asperities

constant coefficient in Eq7)

Poisson’s ratios

distribution function of asperity heights
resonance frequency

A simple and straightforward experimental method was devel- “1 ~ ?(;itt.earcnt ::gﬂggzz
oped to measure the contact stiffness and contact damping of re- “’é B asperity interference
alistic spherical Hertzian and rough flat surfaces in contact. The — aspenty o
Q. = critical asperity interference

tester is capable of testing lightly loaded interfaces with normal
loads ranging from 100 to 1000 mN. It is found that contact stiff-

ness is lower for Hertzian contacts compared to flat surfaces feferences

contact, which is in agreement with theoretical predictions. Also
with both Hartzian and flat surfaces, the effect of surface rough-
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