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Abstract The effect of asperity flattening of a rough
spherical contact during cyclic loading is investigated
experimentally. Two types of surfaces are examined; the
first is an “as-manufactured” isotropic surface and the
second a smooth “laser-polished” surface. Both the sur-
faces exhibit a large amount of hysteresis of the load—
displacement curve during the first load—unload cycles.
This hysteresis is found to decrease as a function of the
number of load cycles. A comparison of the experimental
results with results obtained from a numerical model for a
rough spherical contact shows good correlation. The model
shows that for rough surfaces the total displacement is a
function of the contacting asperities while for smooth
surfaces the main contribution comes from the bulk
displacement.

Keywords Contact mechanics - Spherical contact -
Rough surface - Cyclic load—unload
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a Radius of contact

E Young’s modulus

H Hardness

ho Minimum separation

hy Dimensionless minimum separation hy/o
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Dimensionless displacement of the contacting
asperitiesh; /o

Spherical shell height

Normal load

Critical normal load

Dimensionless normal load P/P,
Radius of the spherical shell

Yield strength

Spherical shell thickness

Roughness parameter npo

Total displacement of the rough spherical contact
Area density of asperities

Asperity tip radius of curvature
Standard deviation of surface heights
Dimensionless total displacement y/c
Ymax ~Maximum displacement

Yres  Residual displacement

A Shell parameter

v Poison’s ratio

g Standard deviation of asperity heights
b4 Plasticity index

w Displacement of the sphere bulk

w Dimensionless displacement w/a

(O Critical interference

Dimensionless critical interference w./o
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1 Introduction

Elastic—plastic contacts of rough spherical surfaces can
occur in many engineering applications such as MEMS
micro-switches [1], AFM systems [2], or magnetic storage
devices [3, 4]. In these applications, loading and unloading
of the contacting surfaces occur in a repetitive, cyclic
manner. Cyclic loading of contacts can generate wear

@ Springer



Tribol Lett (2010) 40:347-355

(b)

Fig. 1 Schematic diagram and enlarged detail of a hard disk drive
suspension assembly: a top view and b side view of dimple/gimbal
zone. Shown in the figure are the / suspension, 2 dimple, 3 gimbal,
and 4 slider

particles which can significantly shorten the lifetime of the
devices.

A typical example of a rough spherical contact is the
dimple/gimbal interface in a hard disk drive (HDD) sus-
pension. There, a suspension spring features a spherical
protrusion (dimple), which is loaded against a flat gimbal
that carries the magnetic recording slider (Fig. 1). During
operation of a disk drive, cyclic loading of the gimbal and
the dimple occurs which can lead to the formation of wear
particles [5]. Wear particles are undesirable since they can
cause failure of the head/disk interface.

Several numerical models can be found in the literature
for the contact of a smooth sphere and a rigid flat (see
references [6-9]). These models, which can represent a
single asperity of a rough surface, are used in statistical
descriptions of spherical contact of rough surfaces with
either Gaussian distribution [10] or other statistical distri-
bution of asperity heights [11, 12].

A number of experimental studies of a single spherical
contact also exist in the literature [13-18]. Parker and
Hatch [13] investigated hemispherical specimens of indium
and lead pressed against a glass flat under elastic—plastic or
purely plastic deformation. Chaudhri and Yoffe [14]
investigated the contact area of steel and WC balls pressed
against fused silica, soda-lime glass and sapphire flats in
purely elastic deformation. The measured contact radii
were compared with the Hertz theory and good agreement
was obtained for a steel ball in contact with a glass flat.
Ovcharenko et al. [15] investigated the contact of copper
and stainless steel spheres of different diameters that were
pressed against a sapphire flat during loading, unloading,
and cyclic load—unload in the elastic—plastic regime of
deformations. An in situ, optical technique was used to
observe the evolution of the contact area. Good agreement
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was found between experimental [15] and theoretical [6, 8,
9] results for the contact area and mean contact pressure.

Several experimental investigations have been con-
ducted that were specifically aimed at studying contact of
rough spherical surfaces [19] or flattening of the asperities
of rough surfaces [20]. Jamari and Schipper [19] performed
an experimental investigation into the deformation behav-
ior of a smooth sphere and a real rough surface. Their
experimental results were in good agreement with theo-
retical prediction. They also observed that the total defor-
mation consisted of asperity and bulk contributions.
Lo et al. [20] conducted a series of experiments using
aluminum strips to investigate the evolvement of surface
roughness and the resistance of surface roughness to flat-
tening in forming processes.

Several theoretical models have been published con-
cerning unloading and cyclic load—unload of a deformable
single sphere or a rough spherical contact [21-25]. Only
two published experimental investigations [15, 26] seem to
have been performed concerning the contact area during
unloading and cyclic load—unload. Qian et al. [26] used a
nano-indenter to perform cyclic load—unload tests (which
they termed radial nano-fretting) of a Berkovich diamond
tip against typical structural materials used in MEMS
technology. Their experimental results exhibit hysteretic
behavior of force versus displacement curve. However, the
residual deformation decreases quickly to zero, and both
the contact stiffness and the projected area of the indents
approach a constant value, after the first cycle.

As can be seen from the above literature review, only a
few experimental studies exist in the literature on surface
roughness effects of rough spherical contacts. Furthermore,
no experimental studies are present for asperity flattening
during multiple loading—unloading cycles of rough spher-
ical contact. It is, therefore, the main goal of the present
investigation to focus on this missing information by
studying experimentally the effect of surface roughness on
asperity flattening during cyclic loading of a rough spher-
ical contact. Such studies could be useful, for example, in
understanding the generation of wear particles in the
dimple/gimbal interface of a hard disk drive, or other
similar applications.

2 Experimental Details

Cyclic load—unload tests were performed using spherical
dimples of a hard disk drive suspension (see Fig. 1). These
dimples were cut out from the hard disk drive suspension
(NHK International Corp., USA) as shown in Fig. 2. They
were made of stainless steel (SST304) and had the form of
a spherical shell (see Fig. 2b) with an outer radius
R =200 pum, a height L = 80 pm and a wall thickness
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(a) Cutting line

Fig. 2 a Photograph of hard disk drive suspension showing the
protruding dimple. The dashed lines indicate where the suspension is
cut for the preparation of the dimple specimen; b Schematic cross-
section of the dimple showing its dimensions

t = 30 pm. Figure 3 presents a schematic diagram of the
test set-up. Each spherical dimple was glued, using epoxy
(Devcon, USA), on the bottom surface of the plastic holder
(see Fig. 4), and pressed repeatedly against the rigid sap-
phire flat shown schematically in Fig. 3. Figure 5 shows a
photograph of the test rig, which consists of a modified
nano-indenter (Hysitron Inc., USA), where the conven-
tional hard diamond tip was replaced by the dimple spec-
imen. The normal load (limited to not more than 9 mN)
and the corresponding displacement of the dimple were
measured using the transducer of the nano-indenter.

Two different types of dimples, a so-called “rough
dimple” and a smooth “laser-polished dimple,” were used
for the tests. The dimple surface roughness was measured
using an atomic force microscope (AFM, Pacific Nano-
technology, USA). The arithmetic average surface rough-
ness values (Ra) obtained with a scan size of 10 x 10 pm
and a sampling interval of 0.69 pm were approximately
85+ 5 and 25 + 4 nm for the rough and the smooth
dimples, respectively. The Young’s modulus £ and the
hardness H of the dimples were measured with the nano-
indenter using a conventional diamond tip. The yield
strength Y was calculated from the following equation (see
reference [27]):

H E
Z=0201In(=) +1. 1
7 =020 n<Y>+ 685 (1)

Load unload
direction

Fig. 3 Schematic representation of the experimental setup; / trans-
ducer, 2 plastic holder, 3 dimple specimen, 4 rigid flat, and 5 fixed
stage

Fig. 4 Photograph of the plastic holder with a dimple glued to its end

The mechanical properties of the two dimple types and
the sapphire flat are summarized in Table 1.

All experiments were carried out at room temperature of
20-25 °C and relative humidity of 40-60%. Each experi-
ment was performed on a new dimple. Both the dimple and
the sapphire surfaces were cleaned by acetone prior to
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Fig. 5 Photograph of the test rig assembly: I transducer, 2 plastic
holder, 3 dimple, 4 rigid sapphire flat, 5 stage, and 6 nano-indenter

testing using an Ultrasonic cleaner (Cole-Parmer, USA).
All experiments were performed under dry condition. Each
load—unload cycle was completed in 10 s (5 s for loading
and 5 s for unloading).

The surface roughness of each tested dimple was measured
both before and after the test to identify asperity flattening.

3 Experimental Results

Figure 6a and b presents typical experimental results of the
applied normal load P versus the measured displacement 7,
for rough and smooth (laser-polished) dimples, respec-
tively. The results are shown for the 1st, 2nd, 5th, and 50th
cycle of load—unload. In every cycle, the maximum normal
load was set to Pnh.x = 9 mN. Each load—unload cycle
starts at the origin of the coordinate system where both the
load and displacement are zero. Immediately after the
engagement of the dimple surface and the rigid sapphire
flat the load is increased gradually until it reaches its pre-
defined maximum value of P,x = 9 mN. At this point, a
corresponding maximum displacement y,,., is obtained and
the unloading starts. The load is gradually reduced to zero
and the cycle ends. As observed in Fig. 6, the various load—
displacement loops show a hysteretic behavior with a
corresponding residual displacement 7y, at the end of each
unloading. The first load—unload cycle exhibits a sub-
stantial larger hysteresis and, hence, more plastic defor-
mation compared to any of the subsequent cycles. These
subsequent cycles exhibit a tendency to ‘“elastic shake-
down” [28] with decreasing dissipated energy (the area of

—~
1=
~
—
=]
y

Normal load P, mN

Maximum displacement Y.,

Residual displacement Y. \\i

Py

0 40 80 120 160
Displacement ¥, nm

1 cycle

Normal load P, mN

0 T T T |
0 40 80 120 160

Displacement Y, nm

Fig. 6 Typical test results of load displacement loops for various
load—unload cycles; a rough dimple and b laser-polished dimple

the hysteretic load—displacement loop of each cycle), as
well as increasing stiffness of the contact with increasing
number of cycles. This is similar to the behavior observed
in reference [26] using a Berkovich diamond tip against
typical structural materials. In the rough dimple case
(Fig. 6a), the first loading cycle exhibits a maximum dis-
placement of .« = 146 nm and a residual displacement
of s = 40 nm compared to only 76 and 26 nm, respec-
tively, for the laser-polished dimple case (Fig. 6b). It can
also be seen from Fig. 6 that at each load—unload cycle, the
area of the hysteretic load—displacement loop in the rough
dimple case is larger than the corresponding area in the
laser-polished dimple case. This difference clearly indi-
cates that less energy is dissipated in the latter case, as
would be expected for smoother and hence, more elastic
contacts.

Table 1 Mechanical properties of typical “rough” and “laser-polished” dimples, and of the sapphire flat

Specimen Material H [GPa] Y [GPa] v E [GPa] P. [mN] . [nm]
Rough dimple Stainless steel 304 4.31 1.68 0.31* 181 212 186
Laser-polished dimple Stainless steel 304 3.7 1.42 0.31* 181 128 133
Rigid flat Sapphire 19* 2.95% 0.27¢ 435% - -

? Values obtained from the literature (www.matweb.com, www.gavish.com)
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Fig. 7 Average and standard deviation values of the maximum
displacement 7y,,,,x at normal load P = 9 mN vs. the number of load—
unload cycles for rough and laser-polished dimples

Figure 7 shows the average and standard deviation
values of the maximum displacement 7., versus the
number of the load—unload cycles for both the rough and
the laser-polished dimples. The results shown in Fig. 7
were obtained from at least four repetitions of tests like
those shown in Fig. 6. As can be seen the average value of
maximum displacement 7y, in both cases decreases with
increasing number of load—unload cycles, and approaches a
constant value approximately after 5 cycles. The average
value of y,,x for the smooth dimple is approximately 60%
smaller than that for the rough one.

Figure 8 presents the average and standard deviation
values (obtained from at least four test repetitions) of the
residual displacement y,., versus the number of the load—
unload cycles for the two types of dimples. The average
value of 7y, decreases sharply during the first five cycles
approaching a constant value close to zero, i.e., the contact
becomes elastic. Similar to the maximum displacement, the
average value of the residual displacement y,.s of the laser-
polished dimple is nearly 55% smaller than that of the
rough dimple.

The behavior shown in Figs. 6, 7, and 8 indicates that
the largest plastic deformation of the spherical dimple
occurs at the first load—unload cycle, and that the defor-
mation at subsequent load—unload cycles becomes smaller
and smaller, with less and less plastic deformation. This
so-called “elastic shakedown” appears to be the result of
asperity flattening in the contact zone. It seems justifiable
to postulate that this phenomenon is related to a reduction
in the plasticity index [29] of the contact zone. In order to
verify this hypothesis, the surface roughness was measured
at the end of each test and compared with the surface
roughness before testing. Figure 9 presents typical AFM
images of such measurements for a rough dimple before
testing (Fig. 9a) and after 200 load—unload cycles
(Fig. 9b), showing the flattened asperities within the

Rough dimple
40 A

30 1
20 A

Laser polished dimple

10 1

i

Residual displacement v,.,, nm

0 10 20 30 40 50
Loading cycles

Fig. 8 Average and standard deviation values of the residual
displacement 7.5 vs. the number of load—unload cycles for rough
and laser-polished dimples after complete unloading from normal
load P = 9 mN

@) 1425.36nm
a
4 .
10 e 7
75 .. 712, 68nm
" z
N\
(um) \
2.5

0.00nm

1486.01nm

0.00nm

Fig. 9 AFM images of surface roughness of a rough dimple: a before
testing and b after 200 load—unload cycles, showing the flattened
asperities within the encircled portion of the contact area

encircled contact area. We observe clearly that flattening of
the contacting asperities occurs as a function of repeated
load—unload cycles.

4 Comparison Between Experimental and Theoretical
Results

The bulk of the dimple sample used in this study is a
spherical shell that can be modeled as shown in Fig. 10a.
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()} P

Fig. 10 Schematic model diagrams for: a a spherical shell, and b a
solid sphere, in contact with a rigid flat

The contact of such shell (in elastic deformation) is con-
trolled by its shell parameter A given by [30]:

(1)) 5

If the shell parameter is 4 > 0.75, the solution of the
elastic contact problem of such a spherical shell approaches
that of a solid sphere with the same radius R (see Fig 10b).
From the values presented in Table 1 and the geometry of
the dimples used in the present study, Eq. 2 yields values
of the shell parameter 4 about 1 for both dimple types.
Therefore, the following analysis for the rough dimple
contact behavior will be based on a rough solid sphere
contact model presented in reference [31]. The critical load
P. at yield inception can be obtained from Eq. 3 below [8]:

P, = %3C3Y(R(1 - v2)£>2 (3)

where C, = 1.234 4 1.256v. The values of P, for the rough
and laser-polished dimples are given in Table 1. These
values are much higher than the present maximum load of
9 mN. Hence, the bulk of the dimples under examination is
elastically deformed and can be analyzed as a solid sphere
in elastic contact.

Figure 11 presents an equivalent rough spherical contact
model that was studied theoretically by Li et al. [31]. In
reference [31], a model was developed for the effect of the
dimensionless normal load P*, the dimensionless critical
interference w; and the plasticity index y, on the individual
contributions of the sphere bulk and the asperities to the
total displacement of a rough spherical contact. In this
model, the total dimensionless displacement y* = y/¢ of
the rough spherical contact is the sum of two displacement
components: w* = w/c (contributed by the sphere bulk
alone), and h} =h;/o (contributed by the contacting
asperities). Hence,

« _ 7

1 = — = * h* 4
Y o w + 1 ()
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T
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Fig. 11 Schematic diagram of rough spherical contact model [31]
showing an equivalent rough flat and a smooth sphere

The plasticity index , which affects 4] has the form
[10, 31]:

V() ®)

The maximum normal load of 9 mN in the present
experiments is two orders of magnitude less than the
critical normal load P, (see Table 1). As shown in [31], the
dimensionless displacement of the bulk of the sphere for
P < 1, is:

" =} P (6)

where the dimensional critical interference of the sphere
we = oW} is:

we = (7&”(12; VZ)Y> ® (7)

The values of w. for the rough and laser-polished
dimples are given in Table 1.

A dimensionless transition load P} was found in refer-
ence [31] as a function of w} and . At this transition load,
the displacement A} of the asperities equals the displace-
ment w*of the bulk of the sphere. If the value of P* is much
smaller than Py, the contribution of the asperities to the
total displacement is dominant. On the other hand, if P is
much larger than P{ roughness effect is negligible.

To compare the present experimental measurements
with the theoretical results of reference [31], the roughness
parameters p, g, and g, were calculated from the surface
roughness measurements of the dimples using the proce-
dure described in [32]. It should be noted here that the
measured roughness parameters and, hence, the plasticity
index iy depend on the scan size and the sampling interval
of the measurement [33]. For this reason, various scan sizes
ranging from 2.5 x 2.5 to 50 x 50 um and various sam-
pling intervals from 0.039 to 1.17 um were used. The
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resulting calculated plasticity indices before testing varied
from 3.2 to 30 for the rough dimple and from 0.4 to 12 for
the laser-polished dimple. We observed that the best cor-
relation with the theoretical prediction, for both the rough
and the laser-polished dimple corresponds to y/ values that
resulted from a scan size of 10 x 10 um and a sampling
interval of 0.69 um. The measured roughness parameters
for the rough dimple under this scanning condition were:
p =830 um, and ¢ =~ gy =90 nm. These roughness
parameters result in: y = 3, w} = 2.07, and P} = 3.03.
For the laser-polished dimple, the corresponding values
were: p = 12.50 um, ¢ ~ g, = 30 nm, = 2.5, W =
4.43, and P; = 0.25.

Figure 12 shows the dimensionless normal load P"
versus the dimensionless displacement y/¢ for the rough
dimple during the first loading. As can be seen, for the
actual P* values of the test, which are less than 0.04, the
contribution of the contacting asperities to the total dis-
placement is much larger than that of the bulk of the
sphere. This would be expected for dimensionless loads
much smaller than the transition load P; = 3.03 [31]. For
¥ = 3 and @] = 2.07 good agreement is observed between
the theoretical and experimental results of the total dis-
placement. The somewhat larger experimental displace-
ment compared to the theoretical one appears to be related
to the compliance present in the experimental system but
not in the model.

Figure 13 shows a similar comparison of the experi-
mental and theoretical results, during the first loading, for
the laser-polished dimple when = 2.5 and w} = 4.43.
Similar to Fig. 12, good correlation is observed between
the experimental and theoretical results for the total dis-
placement. The transition load P; = 0.25 of the laser-
polished dimple is still larger than the actual P values of
the test but not as much as the P; = 3.03 of the rough

0.10 - l ’

% v=3 ; Bulk /'
& = !

= :/ Asperities L’ !

s 0.08 h e

= ' \

= ! d \

! ’
E 0.6 ' .
E ) e Total
/ e

v z

S 0041 / g

= ! -

S / -7

= / .=

.02 P/ .

E 0.0 / == Experimental

- / P

[=] ) oz

0.00 += T T T |
0 0.5 1 1.5 2

Dimensionless displacement

Fig. 12 A comparison of experimental results (solid line) and
theoretical predictions (dashed lines Y = 3, w’ = 2.07, P{ = 3.03)
showing the load P" vs. dimensionless displacement during the
loading phase of the first cycle for a rough dimple

dimple. Therefore, the relative contribution of the asperi-
ties to the total displacement, which in Fig. 13 is still larger
than that of the sphere bulk, is not as dominant as in the
case of the rough dimple shown in Fig. 12.

To simulate the effect of asperity flattening after a
number of load—unload cycles (see Figs. 6, 7, 8), a low
value of the plasticity index y = 0.5 was assumed. This ¥/
value corresponds to ¢ = 2 nm. The value of ¢ was
obtained from surface roughness measurements of a laser-
polished dimple after 50 load—unload cycles. In this case,
w; = 66.5 and P; = 0.014. The theoretical results are
compared in Fig. 14 with the experimental ones for the
50th loading of a laser-polished dimple. As would be
expected from the very small transition load, the contri-
bution of the contacting asperities to the total displacement
is smaller than the contribution of the bulk of the sphere
[31] over most of the loading range.

0.08

0.04 -

0.02

Dimensionless normal load, P*

0.00 T T T |
0 1 2 3 4

Dimensionless displacement

Fig. 13 A comparison of experimental results (solid line) and
theoretical predictions (dashed lines = 2.5, o} = 4.43, P;=0.25)
showing the load P* vs. dimensionless displacement during the
loading phase of the first cycle for a laser-polished dimple
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Fig. 14 A comparison of experimental results (solid line) and
theoretical prediction (dashed lines Y = 0.5, o} = 66.5, P} =
0.014), showing the load P* vs. dimensionless displacement during
the loading phase of the 50th cycle for a laser-polished dimple
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5 Conclusion

The effect of asperity flattening on the displacement of a
rough spherical contact during repetitive load-cycling was
investigated experimentally. Tests were performed with
dimples of a hard disk drive suspension that were pressed
against a sapphire flat using a modified nano-indenter test
rig. Two different types of dimples, a rough dimple and a
smoother laser-polished dimple were studied.

Both the dimple types exhibit substantial hysteresis of
the load—displacement curve during the first load—unload
cycles and a tendency toward reduced plastic deformation
with subsequent load—unload cycles (elastic shakedown).
The values of the maximum displacement, the residual
displacement, and the energy dissipation of the smoother
laser-polished dimple were smaller than their correspond-
ing values for a rough dimple. Surface roughness mea-
surements, before and after tests, showed substantial
flattening of contacting asperities. This flattening, which
results in a smoother contact area seems to be the main
cause for the observed tendency to elastic shakedown.

A good correlation between the experimental results and
the theoretical prediction of a recent model for rough spher-
ical contact was found. The model clearly shows that for
rougher surfaces the total displacement is mainly contributed
by the contacting asperities while for smoother surfaces the
main contribution comes from the bulk displacement.
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