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Abstract

The study of adhesion has received considerable attention in recent years, partly due to advances in the design and fabrication of micro/nal
devices. Many adhesion investigations are centered on single-spherical-contact models, which include the classic Johnson—Kendall-Robe
(JKR), improved Derjaguin—Muller—Toporov (IDMT), and Maugis—Dugdale (MD) models. Based on the IDMT single-asperity model, ad-
hesive rough surface contact models have also been developed, which are valid for elastic and elastic—plastic contact conditions. A limitatio
of the IDMT-based models is that they are only valid for application cases with low adhesion parameter values. In this research, a contactin
rough surface adhesion model was developed by combining an extended Maugis—Dugdale (EMD) model (which is only valid for elastic con-
tacts) with an IDMT-based elastic—plastic adhesion model. The proposed model, termed the elastic—plastic hybrid adhesion model, is vali
for the entire adhesion parameter range and also for elastic—plastic contacts. The proposed model gives results similar to the EMD roug
surface model when the contact is primarily elastic. Moreover, the proposed model was compared to an IDMT-based model (ISBL model)
and both gave similar results for contacts with low adhesion parameter values. With high adhesion parameter values, the ISBL model fails
whereas the proposed model correctly predicts higher adhesion. Last, based on the stiffness of the external force, the instability for adhesiy
rough surfaces in contact was also discussed, and it was postulated that a high peak value of the external force stiffness directly relates to t
unstable contact process.
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1. Introduction implementation of microdevices such as the HDI interaction
in magnetic storage hard-disk drives.

With rapid developments in micro/nano devices such as  For single spherical elastic contacts, there are three ma-
micro/nano electromechanical systems (MEMS/NEMS) and jor adhesion models. The first model, suggested by Johnson
magnetic storage head—disk interfaces (HDIs), intermolecu-et al.[1], is known as the JKR model, and it assumes that
lar adhesive interactions between two surfaces have becomehe adhesive forces are confined only in the contact area and
increasingly important and received considerable attentionthat these forces result in a larger contact area than that pre-
in the literature. These advances are coupled with the de-dicted by Hertz theory. The second model, due to Derjaguin
velopment of advanced instrumentation, such as the atomicet al.[2], is known as the DMT model, and it assumes that
force microscope (AFM), which enables detailed experi- the adhesion forces act in a ring-shaped zone of the noncon-
mental investigations of adhesive problems down to mole- tact area; i.e., there is no adhesion from within the contact
cular sizes. Concurrently, a physical understanding of inter- area, and the Hertz profile and thus the contact area does
facial adhesion directly influences the successful design andngt change. Following a debate on which of the two mod-

els was correct, TabdB] pointed out that both models are
* Corresponding author. Fax: +1 (217) 244 6534. correct and each model is valid under different conditions.
E-mail address: polycarp@uiuc.ed(A.A. Polycarpou). Furthermore, the DMT model transitions to the JKR model
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Table 1

Summary of single spherical adhesive contact models

Reference Model acronym Comments

[1] JKR Johnson—Kendal—Roberts model:

o Adhesion is confined within the contact area

o Adhesion results in a larger contact area than Hertzian contact
 Valid for elastic contact only

e Valid for high adhesion parameter only

o Not considering noncontacting situations

[2] DMT Derjaguin-Muller—Toporov model:
e Adhesion acts in a ring-shaped zone outside the contact area
o Adhesion does not change the Hertzian profile
o Valid for elastic contact only
o Valid for low adhesion parameter only
o Not considering noncontacting situations

[5] IDMT Improved Derjaguin—Muller—Toporov model:
o Adhesion acts in a ring-shaped zone outside the contact area
e Adhesion does not change the Hertzian profile
o Valid for elastic contact only
o Valid for low adhesion parameter only
e Noncontacting situation was considered

[6] KE Kogut—Etsion model:
e Adhesion acts in a ring-shaped zone outside the contact area
e Surface profile was obtained by finite element analysis
o Valid for elastic—plastic contact
o Valid for low adhesion parameter only
e Noncontacting situation was considered

[7] MD Maugis-Dugdale model:
o Constant adhesive stress acts in a ring-shaped zone outside the contact area
o Valid for wide adhesion parameter values
 Valid for elastic contact only
o Not considering noncontacting situations
[9] EMD (SP) Extended Maugis-Dugdale model (Shi—Polycarpou):
o Constant adhesive stress acts in a ring-shaped zone outside the contact area
o Valid for wide adhesion parameter values
 Valid for elastic contact only
e Noncontacting situation was considered

by adjusting the so-called “Tabor” adhesion parameter. Sub-tion, which overestimated adhesion and limited its effective
sequent work by Muller et al4,5] numerically showed that  range. Subsequently, Shi and Polycarp®uproposed an-
indeed the JKR-to-DMT transition occurs through a dimen- other extension to the MD model for the noncontact situation
sionless adhesion parameter, which is related to the Taborbased on the concept of adhesion work. This model, re-
adhesion parameter. In Rdb], they also extended their ferred as the extended Maugis—Dugdale (EMD) model, over-
original work to the noncontacting situation, which is re- comes the problems @@]. Table 1lists the single-spherical-
ferred as the improved DMT (IDMT) model. Based on the adhesive-contact models discussed above, along with their
IDMT model and using the finite element method, Kogut acronyms, main features, and limitations.
and Etsion[6] developed a single-asperity adhesion model,  As realistic interfaces possess roughness, one needs to
which is valid for elastic—plastic contact. extend the above single-asperity models to multiasperity
The third single-asperity adhesion model was developed models. For such cases, a widely used multiasperity con-
by Maugis[7], where a continuous analytical transition be- tact model is the Greenwood and Williamson (GW) sta-
tween the JKR and IDMT models, using the Dugdale ap- tistical contact mode[10]. The GW statistical model has
proximation, was developed. The Dugdale approximation been widely accepted due to its clear physical interpretation
assumes a state of constant adhesive stress over some lengnd good agreement with experimental data (§1413),
at the gap between a contacting sphere and a flat surface (i.e despite its shortcomings of scale dependefigl}. Chang
modeled as a crack tip). Kim et gB] proposed an exten- et al. (CEB model)15] developed an adhesion model for
sion to the Maugis—Dugdale (MD) model for the case when rough surfaces under dry contact conditions by combining
the sphere is not in intimate contact with the flat surface but the IDMT model with an extended GW model that included
within the active adhesion range. In RE] they assumed  elastic—plastic contacts. Kogut and Etsid6] developed a
a constant (theoretical) stresg for the noncontact condi-  rough surface adhesion model (KE model) based on their
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improved single-asperity modéb], in which case a more  on the instability of adhesive rough surfaces in contact, as

accurate (compared to Chang et[ab]) deformed surface  far as roughness effects are concerned, is absent.

profile was obtained at different approach levels. An ad- In this paper, the EMD and ISBL models were combined

vantage of both CEB and KE models is that they are valid to obtain an improved adhesion model for rough contact-

for elastic—plastic contact conditions. However, a major dis- ing surfaces in the presence of molecularly thin lubricant.

advantage of these models is that since they are based oiThe proposed model, termed the elastic—plastic hybrid ad-

the IDMT adhesion model, they are only valid for a limited hesion model, overcomes the difficulties of earlier models;

range of low adhesion parameter values, which is unrealistic namely, it is valid for elastic—plastic contacts and for the en-

in many applications, such as MEMS and magnetic storagetire range of adhesion parameter values. Last, the instability

devices. of adhesive rough surfaces in contact is discussed based on
To overcome the limited range of the IDMT-based mod- the amplitude and the stiffness of the external force.

els, one needs to employ the MD model, which is valid

over a wide range of adhesion parameter values. To this

end, Adams et al[17] employed the MD adhesion model 2. Extended Maugis—Dugdale (EMD) model for

to model rough contacting surfaces and developed a scalespherical contacts

dependent friction model. In their model they only consid-

ered the adhesion from the contacting and intimately con- 2.1, Maugis-Dugdale (MD) model [7]

tacting asperities, ignoring the contribution from the non-

contacting asperities. Morrow et 18] combined the MD Maugis proposed an analytical transition between the

model with the Kim et al[8] extension for noncontacting  jkRr and IDMT models by combining fracture mechanics

asperities and developed a model for rough contacting sur-theory with the Dugdale constant stress approximation. In

faces that includes adhesion from the noncontacting asperi-the MD model, the contact interface was treated as a crack

ties. However, both the Adams et fl7] and Morrow etal.  ang the adhesive stress was constag} over a length of

[18] models are valid only for elastic contqctln_g a}spenues, I (I = — a) at the tip of the crack, where and ¢ are

since they directly use the MD model, which is limited t0 he radii of the contact and adhesive zones respectively.

such contacts. Furthermore, these models are valid for dry,:ig_ 1depicts simulation results and sketches of the ERID
contact conditions only.

In many micro/nano applications, the presence of molec-
ularly thin lubricants either is desired or cannot be avoided.
Thin lubricant can either be deliberately applied to surfaces,
e.g., magnetic storage thin film disks containing a perflu-
oropolyether (PFPE) lubricant 1-2 nm thick, or found in
devices being operated in the presence of humidity, which
forms a molecularly thin water layer on the surfdd®].
Stanley et al.[20] developed an adhesion model (SBL
model) to take into consideration the effect of molecularly
thin lubricant layers. Following the same idea, L[2&] de-
veloped an improved SBL model (ISBL) by combining the
KE dry contact adhesion model with the SBL model. As with
the dry contact models, both the SBL and the ISBL mod-
els are valid for elastic—plastic contacts but limited to low
adhesion parameter values. In applications involving large
adhesion parameter values, they significantly underestimate
adhesion, as shown in Secti8n

Another important issue that is also addressed in this pa-
per is the adhesion instability that may occur as surfaces
move into and out of contact. Reff2,22] discussed this
phenomenon for the case of single-asperity spherical con-
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tacts, where adhesion instability results in the “jump-on” 0.2 \_h’/ n; (150

and “jump-off” phenomena during the approaching and de- g

parting processes, respectively. It was foji@that under ad

displacement control, the “jump-on” and “jump-off” points 0 0

are the same for adhesion parameter valies0.95 and 0 1 2y omy 2 4 5

different for » > 0.95. In magnetic storage HDIs, such ad- ‘

hesive instabilities have been experimentally obsef28{ Fig. 1. Extended Maugis—Dugdale (EMD) model, Case Il (single sphere):

and also numerically modeld@4]. However, the literature  (a) contacting conditions (MD model); (b) noncontacting conditions.
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single-asperity (sphere-on-flat) model using case Il spherical Table 2

contact parameters, listedTable 2 The values listed iffa- Simulation parameters

ble 2represent realistic magnetic storage head—disk interface Material parameters  Hardness of softeCombined Young's
parameters with case | being the roughest case (vintage inter- g‘gge”a'ﬂ (GPa) g";g;'“s'E’ (Eho)
face) and case lll representing current HDI technology. The ' '

. A Pt —2
energy of adhesion values represents realistic HDI values SU"ace  Plasticity » (um™) o (nm) R (um) Ay (N/m) 2
parameters index ()

due f[o_the presence qf tht_’-_\ mQIecuIarIy thin PFPE Iubr_|cant, Casel 76 851 340 166 001 016
humidity, and contaminatiorfig. 1a shows the contacting casen 084 739 162 333 0.09 0.90
conditions of the EMD model, which are the same as in Caselll 039 987 065 6.38 0.30 2.49

the original MD model, andrig. 1b shows the noncontact-  Note. Shaded area indicates the parameters needed for spherical (single-
ing conditions of the EMD model. Shown Fig. 1a is the asperity) contact.

constant adhesive stressy, which is independent of the

approacts. The inset ofig. 1a shows a schematic represen- stresses outside and inside the contact regions are given by
tation of the stress distribution of the MD model, along with

the diameters of the contact«Pand adhesive () zones.  0(r) =00 fora <r <c, (7a)
By defining parameter = c¢/a, the MD solution give$7] 2 12 —a?\Y?
o(r)=op—tan- (ﬁ> forr <a. (7b)
)‘Af/l 4 ac—r
M/ m2 — 2 _ 1/m2 — . . . .
2 [ me—1+(m"—2)tan mn 1] @) By integrating the adhesive stresses over the overall circular
424 area, the total adhesive forég is obtained as
MIVm2 —1tantVm2 —1-m+1]=1,

. . . 2 2 200 1 2 —a?\?
where the dimensionless contact radius Fs=ogn(c®—a”) + 27”7 tan 7,2 dr

K 1/3 0
Am :a<7rTsz) 2) =200a2(m2tan_l\/m2 — 1+\/m2— 1)~ (8)
anda is a dimensionless adhesion parameter given by 2.2. EMD model for noncontact [9]

R 1/3
A= 200<W> . 3) For the case of a noncontacting asperity, following the

same idea as in the MD model of assuming a constant ad-
Note thatK is related to the reduced Young’s modullis hesive stressg (hg), acting in a circular area of radius

(K = 2E;; Er=E1/(1— vf) + E2/(1— v%)), R is the as- (with contact radius: being zero), Shi and Polycarp§@i
perity radius, andAy is the energy of adhesion. Also, the extended the MD model and proposed an adhesion model
dimensionless external lodd, is given by that covers the full range of contact and noncontact and the
associated instabilities. Based on classical contact mechan-
M = ics theory, the adhesive radiuss obtained from the solution

mAyR of the equation

=AY —aAf[Vm2 -1+ mPtan tVm2 —1] (@) 2

c 20 (ho)c(r — 2)

F

and the dimensionless elastic approagly by R TE, +ho—he=0. ©)
K2 1/3 4 Also, based on the Lennard—Jones surface potential and the
Ap = (S(ﬂ) = A2 — §AMA\/m2 -1, (5) definition of the adhesion work, one can readily relate the
Ay normal separation at the centleg and the edgé: of the
where the theoretical stress adhesive zone caused by the deformation due to the presence
Ay of adhesion,
00=1.03—. (6)
Zo 1 o0
Zyis the equilibrium spacing, which depends on the material he = ho + o (ho) o (z)dz, (10)
lattice parameter and surface energy of the interface materi- ho

als[25]. According to[25], for most surfacesZo = 0.2 nm,
which is also adopted in this work.

Using Egs(1)—(6), simulations were performed using the
spherical parameters for case Taple 2, and the results 8Ay | /z0\° Zo\?
show that the contact and adhesive zone radindc, re- o(2)= 370 <7> - <7> .
spectively, increase nonlinearly with increasing approach, as 0
shown inFig. la. Based on the MD model, the adhesive Z isthe deformed normal surface separation.

where the adhesive stress is given by the Lennard—Jones sur-
face potential as

(11)
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0.5

The schematic representation of the stress distribution for p—V T
the noncontact situation is shown in the inseff. 1b. Dif- A LR (9]
ferent from the MD contact asperity model showrig. 1a, 041
the adhesive stress in the EMD model is not indepen- 035 .ol =016

dent of the separatiohg, but instead is a function dfy.
Specifically,o (hg) follows the Lennard—Jones surface law,
Eqg. (11). Using the same simulation parameters as in the
contact case (spherical caseTable 2, the simulation pre-
dictions of the EMD model give the adhesive zone radius
¢ VS minimum separatiotg, as shown irFig. 1b. Due to
the fact thab (ko) has its maximum value at a separation of
about 127, the adhesive zone radidsalso has its mini- ,
mum value at the same point. When the separation is larger 85 o 05
than 12Zg, ¢ increases nonlinearly with increasing sepa- Approach. ¢ (nm)
ration. This is due to the Dugdale assumption of constant E—
adhesive stred§]. Considering a sphere positioned at large 45| o JKR[1]
minimum separatiohg, points with large separationarerel- | EMDER Bl
atively less attractive, and thus the forces due to its nearer
points (under the assumption of constant adhesive stress) are
less dominant, resulting in a larger adhesive zone radius
For the same sphere but at smaltgr the adhesive stress of
the nearest points is more dominant, resulting in smaller ad-
hesive zone radius. When the separation is below2E,

due to the sharp drop ef(hg) with decreasing separation,
increases sharply.
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20c 3 — ;DMT [5]‘
§=— h0+? . (13) 45F | o JKR 1]
r --- EMD(SP) [9]

40f

Using the single-asperity EMD full-approach-range ad-
hesion model and the parameters listedable 2 simula-
tions were run to demonstrate the transition from the IDMT
to JKR models for single-asperity contacts. In these simu-
lations, three cases with adhesion parameter values of 0.16
(case 1), 0.90 (case Il), and 2.49 (case lll), corresponding
to IDMT, MD, and JKR regions, respectively, were consid-

5[ caselll: =2.49

w
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o
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N
n
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ered[22]. The roughness parameters were measured using 10}

20x 20 um AFM scans on modern thin-film magnetic disks. sk

Note that for the sphere-on-flat or single-asperity contact ) ) ) )
simulations, only the adhesion parameteasperity radius 2 15 4 05 0 05 1 15 2

R, adhesion energyy, and reduced Young's modulug, Approach. & (nm)

are required for the simulations (shadedTable 2. The Fig. 2. Transition from IDMT to JKR models using the single-sphere EMD

roughness parameters of (standard deviation of surface model: (a) case A = 0.16 (IDMT); (b) case II,» = 0.90 (MD); (c) case
heights) andy (areal density of asperities) as well as the Il #=2.49 (JKR).
hardnesd{ are used in conjunction with the GW rough sur-
face model (SectioB). shown inFig. 2a. On the other hand, when the adhesion pa-
As shown inFig. 2, for all three cases, the noncontact rameter is largeX = 2.49), the EMD solution is closer to
adhesion predictions (shown as negative appréagiues) the JKR solution, as seen kig. 2c. Also, Fig. 2b shows
using the EMD model are very close to the IDMT solution, that when the adhesion parameter is well above the IDMT
as both models are based on the Lennard—Jones surface paange, but below the JKR range+£ 0.90), the IDMT model
tential. Furthermore, the EMD model realizes the transition underestimates the adhesion force. In this range neither the
from the IDMT model Fig. 2a) to the JKR modelRig. ). JKR nor the IDMT model can accurately predict the adhe-
Specifically, when the adhesion parameter is law=(0.16), sive force, and the EMD model is the only model that can
the prediction of the EMD model is closer to IDMT, as accurately predict the adhesion force.
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Non-contacting  Solid contacting

f (elastic o; elastic-plastic)
} !/@M/ J «—Equivalent rough surface
? F X—71 —Molecularly thin lube
| / +“Smooth surface

Lube-contacting and
solid non-contacting

Fig. 3. GW rough surface model in the presence of molecularly thin lubri-
cant.

3. Proposed elastic—plastic hybrid adhesion model for
rough surfaces

3.1. Rough surface model

519

et al. (SBL) model[20] is adopted, as it accounts for the
presence of a molecularly thin lubricant layer. The statistical
sum of the three contributions gives the elastic EMD model
for rough surfaces. Thus the total net adhesion fdrgés
obtained as

d—t—épa d—dp
Fs=Ann{ / Jsnep () du + / Sslcp (u) du
—0o0 d—t—68a
d+w¢
+ / fse|¢(u)du}, (15)
d—dp

where A, is the nominal contact ared, is the mean sur-

Having developed a single-asperity adhesion model that ¢, e senaration,is the Iubricant thickness, is the asperity

is valid for the full approach range and the full range of ad- height, andw

is the critical interference at the inception of

hesion parameter values, one needs to extend this model tq)|,qic deformation and is directly related to the plasticity
include surface roughness and also to be valid for plastically j,, jax (e = 0 /2

deformed asperities. The surface roughness is modeled using The first and third integralssnc fsel

the Greenwood and Williamson statistical model], which

it assumes that two rough surfaces are represented by a'?:ontacting asperities, respectively,

equivalent sum rough surface in contact with a smooth plane
as shown schematically fig. 3. The roughness is charac-
terized by three parameters, namelyy, R, and the asperity
heights follow a Gaussian distributiopi(). In such a rough
surface, at a certain mean separatigisome asperities will
be in contact while others will be noncontacting, depend-
ing on their individual interferencey values. Referring to
Fig. 3, for a rough multiasperity contact interface, the net
adhesive force is due to the individual asperity contributions,
which can be grouped into four parts, namely contributions
from

(1) noncontacting asperities,

(2) lube-contacting but solid noncontacting asperities,
(3) elastic contacting asperities,

(4) elastic—plastic contacting asperities.

According to the GW model, the state of elastic—plastic de-
formation is characterized with a plasticity index, defined as

2E; \/F
V= '
wherek is a maximum contact pressure factor related to the
Poisson ratiov (k = 0.454+ 0.41v) [15]. Wheny < 0.6
the contact is purely elastic, fa¥ > 1 the contact is fully
plastic, and when .6 < ¢ < 1 the contact is elastic—plastic.

(14)

3.2. Elastic EMD model for rough surfaces

In the case of purely elastic contacts (ix.< 0.6), only

represent the con-
tributions from the individual noncontacting and elastically
and could be directly ob-
'tained from the EMD model. However, due to the complex-
ity of the EMD formulation, the functiongsne fsel as used
in Eq. (15) are analytical functions obtained from curve-
fitting the EMD numerical results, using the methodology
described inAppendix A Basically the numerical solution
of the MD and EMD Eqs(1)—(13) for a single asperity
as a function of approach (for specific parameter®o#.,
Ay, and Zg) are curve-fitted with nonlinear functions us-
ing a least-squares method. As described\ppendix A
these functions have complex forms in order to obtain a
fitting error of less than 1%, compared to the numerical re-
sults. Using this method, force expressions as a function of
approach, e.g.fsnd8), are obtained, so that they can be di-
rectly applied to the multiasperity GW rough surface model
(Eg. (15)). Note that curve-fitting the MD model was also
proposed in Ref§18,26,27] However, unlike our approach,
which directly fits the force—approach relationships, in their
method they separately curve fitted the force and approach,
which are functions of the adhesion parameter

According to Stanley et a[20], for the individual solid
noncontacting and lube-contacting asperities (second inte-
gral in Eqg.(15)), the adhesive force is calculated using a
truncated sphere on a flat and is equal to the adhesion at a
point-contact situation, i.e.,

Ssle=2m Ay R. (16)

In the absence of molecularly thin lubricant (i.e., dry con-
tact), Eq.(15) is still applicable by setting the lubricant
thicknesst = 0 and dropping thefs)c term. Details of the

the first three parts of the adhesive contributions need to beSBL and ISBL models are given ippendix B

considered. These are the noncontacting (1), elastic contact-

ing (2), and lube contacting (3) asperities. In the case of (1)
and (2), the EMD mode]9] is readily applicable, and is

valid for the entire adhesion parameter range. For the lube-

3a in Eq. (15) is a critical approach parameter, which is
due to the “necking” phenomenon observed when a sphere
approaches (or departs from) a surface. As discussed in Refs.
[9,22], due to this instability and the necking phenomenon,

contacting but solid noncontacting asperities (3), the Stanleythe contact will be initiated at a negative approach and not
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at a zero approach. In rough surface adhesive modéling 4. Simulation results
is usually ignored; however, it is considered in this paper,

where for a specific material pair, the valuesgfis obtained To demonstrate the applicability of the rough surface
using Egs. (23) and (25) from R48)]. Typicalsa values are  elastic EMD model, simulations were initially run using
several angstroms. case lll parametergéble 9, which represent elastic contact

As discussed in Sectiof for single-asperity contacts, conditions (plasticity indexy = 0.39) and a large adhesion
when the value of the adhesion parameter is large, the IDMT parameter value of = 2.49. Under these conditions, the
model significantly underestimates the adhesion force. Sim-elastic EMD model given by Eq15) is valid (elastic con-
ilarly, for large adhesion parameter values, when the single-tacts only), whereas the SBL and ISBL models will under-
asperity IDMT model is used to develop a rough surface estimate the adhesion force siricés large. The simulation
model, namely the SBL and ISBL models, then when the results using the EMD, SBL, and ISBL models are shown in
contacting asperities make a significant contribution to ad- Fig. 4and it is clearly seen that the elastic EMD model pre-
hesion, which is the case once contact occurs, the model willdicts higher adhesion, which verifies the underestimation of
also underestimate the total adhesion force. In this situation,the SBL and ISBL models. Note also that the predictions of
the rough surface EMD model is applicable and will give the SBL and ISBL models are very similar since the contact

more accurate results. is purely elastic.

Simulations were next performed using the proposed hy-
3.3. Hybrid elastic—plastic adhesion model for brid adhesion model and all the rough surface simulation
rough surfaces parameters listed iffable 2 As discussed in Sectid? the

three cases listed ifable 2cover a large range of the adhe-

As discussed earlier, the EMD model is only valid for sion parametek. Furthermore, they also represent elastic,
elastic contacts, while it is expected that in a rough surface elastic-plastic, and plastic contact conditions, as character-
contact, some asperities will also be plastically deforming. ized by the plasticity index values. _

If the contact is plastic or elastic-plastic, the rough sur- In the simulations, the ISBL rough surface adhesion
face EMD model (Eq(15)) will underestimate the adhesion Model is compared with the proposed elastic EMD rough
forces. Therefore, it is important to also include the adhe- Surface model and the more general elastic—plastic hybrid
sion contribution from the plastically deformed asperities. M0del, as shown ifrigs. 5a—-5dor cases I-llI, respectively.

In this work, the rough surface EMD model was combined Before contact, at mean normal separatibtarger than 3

with the KE mode[16] to obtain an adhesion model (termed for cases I and Il and larger thaw Sor case lIl, the adhe-

the elastic—plastic hybrid adhesion model) that in addition SION estimates are similar for all mod(_als, since all models are
to being valid for the full range of adhesion parameters is based on the Lennard-Jones potential. After contact (where
also valid for elastic—plastic and fully plastic conditions. The the onset of contact occurs at 3or ath™ = 3 due to the sta-
total adhesion forcés is then the statistical sum from the tistical nature of the roughness), adhesion increases rapidly

contribution of all four types of asperities and is given by~ With decreasing mean normal separation and the three mod-
els predict different adhesion as the contacting asperities

d—1—38a d—dn significantly contribute to adhesion.
Fs= Anﬂ{ / foncp () du + / fsicp () du Referring toFig. 5a, whena is small, the proposed hy-
s dtga brid rough surface model gives results very close to the ISBL
d+w¢ d+6wc 0.2 v r T r T v
- ISBL [21]
+ [ fepwdnt [ feppodu =t
d—in d+wc 0.16f ‘\\‘
d+11Qvc o 0MF N Case lll: y=0.39
g, \, 4=2.49
+ Jselpip (u) du ¢ 17) 5
d+6oc g o1
The last two terms in Eq(17) represent the contribution g oo
from the elastic—plastic deformed asperities and the inte- = o0s}
grandsfselpir and fseipiz are given by16] 004}
0.356 -0.321 0.02f
u—d Zo
fsepir=1.587 RAy ( e ) (w—c) - 18 T I IO VN
Dimensionless separation, h*(h*=h/a)
1w —d\009 /7, ~0382
fselpl2= 2-387TRA)/( o ) (w_) . (19) Fig. 4. Rough surface adhesive contact—comparison between elastic EMD,
C C

SBL, and ISBL models. Case lll, predominantly elastic contact with high
Further details of the KE model are givenAppendix B adhesion parameter value.
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.3 .
g X109 . . . . . . 0‘015_\ —_ Noncontactlng
““““““““ ISBL [21] ---= Lube-contacting
— EMD elastic . Elastic solid-contacting
- Proposedmodel || | Elastic-plastic solid-contacting
z 3
= £ 0.01 \
2 Case l: y=1.76 » .
:Q ase ﬁ=0.16 W \\ s Case lI: l/;ggg
g 8 oo -
s 8
8 5 A
£ 20.005 N §
) § \\\\g
~.., \, 0,
~- h*“(h/o') 45 5
. . . e : @ 0 " s
1 15 2 25 3 35 4 45 5 Dimensionless separation, h* (h/c)
Dimensionless separation, h* (h*=h/o)
003 . . . . Fig. 6. Rough surface adhesive contact—adhesive contributions from dif-
......... 1SBL [21] ferent asperity groups using the hybrid elastic—plastic EMD model, case Il
—— EMD elastic
i ---- Proposed model ]
X for the case of rough surface contact, as showRigs. 5b
0.02 \ C [} 0.84 and 5C
= - 3\, ase . y=0. - . . . .
€ Y=0.90 Also shown inFigs. 5a—56s the comparison between the
= elastic EMD model and the proposed elastic—plastic hybrid
8 model. As expected, for elastic contact conditions, as is the
3 case irFig. 5c, the adhesive force estimates using the elastic
5 oo EMD model are identical to the estimates of the proposed
elastic—plastic model (the two models are indistinguishable
in the figure). However, for elastic—plastic contact conditions
® such as the case depictedHiy. 5a, the EMD elastic model
0 . . . significantly underestimates the adhesion force, especially
1 15 2 25 3 3.5 4 4.5 5 . . g . . .
Dimensioniess separation, h* (H*=h/o) with significant asperity contact. Notice that case Il, which
03 . i . . . . . involves some plastic deformatiom (= 0.84), both elastic
“““““ saLel and elastic—plastic hybrid models give similar results.
_— elastic A i L A . .
| ===+ Proposed model || Fig. 6 shows the individual adhesion contributions from
the different asperity groups as represented by the different
- o integrals in the elastic—plastic hybrid model, Efj7) (case
< 02 Case lll: ¥=0.39 1 N ! ’ .
- 2=2.49 Ilin Table 3. As shown in the inset dfig. 6, before contact
g (i.e., h* > 3), the contribution from the noncontacting as-
s perities dominates the adhesion behavior, as expected. Once
o T . . "
8 contact is initiated/{* < 3), the elastic contacting asperities
g 0 become dominant. The lube-contacting asperities have the
second highest significant contribution under contact condi-
i tions. The contribution of the elastic—plastic asperities be-
) © comes important only with very heavy contadi$ & 2).
0 e The above discussion is in terms of adhesive forces,
Dimensionless separation, h* (h*=ho) which provide physical insight to the rough surface adhe-

_ _ _ _ sive problem. However, in practical applications, the exter-
Fig. 5. Rough surface adhesive contact—comparison between elastic EMD’naI force is usuallv readily measured and thus it is practicall
ISBL, and hybrid elastic—plastic EMD models: (a) case I; (b) case II; y y p y

(c) case Ill. more relevant to discuss adhesive problems in terms of the
external force. This issue, along with the instability issue

o o associated with in-contact and out-of-contact transitions, is
model, which is based on the IDMT model. This is in agree- discussed in Sectidh

ment with the findings of single-asperity contact modeling,

in which case when. is small (in the range of the IDMT

model), the EMD model predicts adhesion similar to that 5. Instabilities for adhesive rough contacting surfaces

in the IDMT model. However, when is well above the

IDMT range, the IDMT model underestimates adhesion for ~ Even though instabilities associated with adhesive spher-
both single-asperity contacts (discusse#im 2), as well as ical (single asperity) contacts have been investigated in the
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literature, e.9.[9,22], the literature on the instability of ad- where

hesive rough surfaces is scarce. Recent technological ad- <u —d

wc

b

vances in magnetic storage HDIs necessitated the record-I” = ) ¢(u)du. (22)
ing slider being in extremely close proximity to the rotating

magnetic disk, on the order of sub-5-nm spacing. Under suchThus, from Eqs(17) and (20)—(22)the total external force,
low-spacing conditions it has been experimentally observed F', is given by

that adhesive instabilities occur, causing the HDI to become . _ , 4 P — F 23)
unstable. Furthermore, it has been observed that the presence ~ ~ & '~ Pl — ©'s
of adhesion at the HDI causes a hysteresis phenomenon, As shown inFig. 7a, for different adhesion and rough-
where the magnitude of the interfacial forces is different dur- ness levels, the magnitude of the external forces given by
ing touchdown (approach) and takeoff (departure) processesEd. (23) varies significantly, even though they all exhibit
[23]. These instabilities have been investigated from the similar behavior (case Il is also shown in the inset, with
system dynamics point of view, e.g., numerica”y using an case | having similar behavior). For the intermediate case I
advanced air-bearing simulator (no roughness eff¢24j) (0 = 1619 nm andAy = 0.09 N/m), the pull-off force
However, none of the literature specifically investigated ad- (defined as the minimum external force) is only 0.6 mN,
hesive instability in terms of the roughness effects. whereas for the smoother case Hl{ 0.6541 nmand\y =

A major difficulty in investigating adhesive instability in 0.3 N/m), the pull-off force is much higher, 93.5 mN (for the
rough surfaces is the difficulty in defining the onset of con- roughest case |, the pull-off force is insignificantly small,
tact in contacting rough surfaces. Recall that in the case of2.13 UN). For case lll, the line of =2 nm (* = 3.06)
single spherical contacts or the contact of infinitely smooth shows the point where the external force has the largest
surfaces, contact was defined as taking place when the twoslope, which corresponds to the peak value of the stiffness,
continuum surfaces were apart by a distance equa&gto
(equilibrium spacing). A similar definition does not exist for
rough surfaces; the definition of the onset of contact needs to 0.1
be done in a statistical sense, as the asperity heights are not
constant but follow a certain distribution. Next, the instabil-
ity for adhesive rough surfaces contact is discussed based on
external force behavior.

Before the related rough surface instabilities are dis-
cussed, the calculation of the external force needs to be ad-
dressed. In previous sections, the calculation of the adhesion
force (Fs) has been presented. Similarly, one can calculate

10*

4
2 Zoom in, case Il
0
2|

o
o
o

External force, F (N)
=)

the contact force?, and then the external fordeé can be ob- -0.05} ,’
tained asF = P — Fs. Similar to the adhesion calculation, ! /'_2 nm
the contacting asperities are also divided into two groups in e’ ' (@)
order to calculate the contact force. One is for the elasti- 015 1 > 3 2 5
cally deforming asperities and the other for both elastically— Dimensionless separation, h*(h*=h/o)
plastically and fully plastically deforming asperities. For the s
elastic asperities, based on the MD mofgl the contact 0.1— Zoomin, case Il
force is given by g’-s (b)
d+wc d+wc 0.05 g 0
Pe|= / Sselp () du + / Sio () du, (20) ©9 .
d d . 25 3 i 745 sq \\.\_

7

where f; is a curve-fitted analytical equation for the exter-
nal force based on the MD model (séependix A). For
elastic—plastic and fully plastic asperities, the contact force

Stiffness of external force, (dF/dh) (N/nm)

is obtained byj16] 0.05r /S T Case |
— Casell
2 d+6wc m——— Case lll
Pelpl = énana)cAnH{l.Oi% / 11425 015 - s s > .
dtwc Dimensionless separation, h*(h*=h/g)

d+1100c 3 00 Fig. 7. Rough surface adhesive contact—roughness and adhesion levels

+14 11.263+ > 11 , (21) effects (case lo = 3.4 nm, Ay = 0.01 N/m; case ll:c = 1.619 nm,
k Ay =0.09 N/m; case lll:oc = 0.6541 nm,Ay = 0.30 N/m.) (a) Ampli-
d+-6awc d+1100c tude of external force; (b) stiffness of external force.
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as also clearly shown iRig. 7b. With larger adhesion, the and 0.14 Nm, respectively. Also, the corresponding loca-
stiffness of the external force has a larger peak value, whichtions of the maximum pull-off force stiffness are similar
may cause the contact process to become unstable. Examinand arex* = 2.82, 2.75, and 2.80. In typical HDI appli-
ing Figs. 7a and 7pthe highest stiffness for the smoothest cations, under steady-state conditions, the external applied
case ofo = 0.6541 nm andAy = 0.3 N/m occurs at a sur-  force (or preload) is typically counterbalanced by the gener-
face separation of 2 nmy(3.060'). This means thatwhen the ated air-bearing lift force and the magnitude of these forces
two surfaces come into contact at this specific point, the ad- is around 10 mN. Thus, when the pull-off force and its rate of
hesion increases sharply, and thus the external force sharplichange (stiffness) are significantly large (comparable to the
decreases. Consequently, if there is no other force in the syspreload), the system will easily become unstable under an
tem that is sufficiently large to counterbalance this negative external disturbance. As seenFiy. 8, for the supersmooth
external force, the surfaces will approach each other very HDI (case lIl), the adhesion instability is important, espe-
fast (“snap” to contact) and the contact process will become cially at high humidity levels £y = 0.14 N/m).
unstable. For the rougher cases | and I, the corresponding
dimensionless separations where the maximum stiffness oc-
cur are further away from the onset of contact condition at 6. Summary
h* =5.72 and 3.19, respectively. Furthermore, as their cor-
responding pull-off forces are very small, the possibility of  Despite significant advances in modeling and understand-
unstable behavior is also very small. ing single-asperity adhesion and associated instabilities, un-
As seen inFig. 7, the pull-off force and the adhesion derstanding of such phenomena for rough surfaces in contact
instability are greatly affected by the surface roughness has not advanced as much. As miniature systems such as
and the surface energity. The effect of surface rough- magnetic storage devices and MEMS continue to advance,
ness on the pull-off force has also been discussed by Stanleythe need to understand realistic adhesive contact phenom-
et al.[20]. They investigated rougher surfaces compared to ena (including roughness effects) is vital to the successful
the present study with = 11.4-286 nm, and they reported  design and reliability of these devices. Based on one of the
that smoother surfaces result in higher adhesion, and theclassical single-asperity adhesion models (the IDMT model,
pull-off force position also occurs at a smaller dimensionless which is valid for both noncontact and contact conditions),
surface separation, which is in agreement with this work.  several rough surface adhesion models have been proposed
To specifically investigate the effect of surface energy on using the GW statistical roughness model. These include the
the external force and associated instability, we consider theCEB/KE (dry contact) and SBL/ISBL (molecularly thin lu-
smoothest case Il roughness parameters (extremely smootlpricated contact) elastic—plastic models. Also, based on the
interface), which represent current HDI technology. In these e|astic MD single-asperity model, researchers have proposed
simulations, depicted iffrig. 8 the surface energy values rough surface adhesion models, which are valid for elastic
range from 0.04 to 0.14 Nn, which represent realistic  contacts. The existing adhesion models are either only valid
HDI cases, with 0.04 M representing PFPE lubricant  for elastic contact (MD-based) or only valid for applications
and 0.14 Nm high humidity levels. Unlike the order-of-  with small adhesion parameter values (IDMT-based).
magnitude difference in the pull-off-forces with roughness In this paper, an elastic MD rough-surface model and an
variations discussed iRig. 7, the effect of the surface en-  e|astic—plastic hybrid model were proposed that are valid for
ergy (within the practical HDI range) is smaller, with pull-off 5 wide range of adhesion parameter values. Simulation re-
force values of 6.3, 19.9, and 35.8 mN fay = 0.04,0.09,  sylts using the proposed models were compared to the ISBL

o model and showed similar results for low adhesion para-
““““““ Gase ll: 0,04 Nim meter values. Furthermore, the simpler elastic model gives
= Case llI: 4)=0. m . . . .
-~ Gase lI: £)=0.14 Nim results similar to those for the elastic—plastic model when the

contact, as characterized by the plasticity index, is predomi-
nantly elastic. Last, the instability during the rough-surfaces
contact process was discussed based on the external force
and its rate of change with mean normal separation. It was
found that the peak value of the stiffness (directly obtained
from the external force) is related to the instability of the
contacting process.

External force, F (N)
o
o
il 2

o
T
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12~ a Numerical solution (Im, Contacting) T ) T T =
o Numerical solution (1) ) i B Fitting coefficients to MD/EMD approximations
= Nonlinear fitting (lm, Non-contacting) 1 o8
10F | s Nonlinear fitting (£, Contacting) ,' a4 Case | Case |l Case lll
§ _____ Nonlinear fitting (/) él o
g e Jsonc 2.300x 1074 1.400x 102 1.818x 102
- LY Anc 8.015x 10~2 7.083x 101 9.649x 100
G g8’ Bnc 3.153x 1071 2.202x 1071 2.563x 1071
g k
g e K3 Sonc 9.125x 1072 ~1.324x 1071 —6.358x 1072
3 R fsoc 6.662x 1072 1.648x 10° 1.962x 10t
s 4 & Ac 1.338x 1071 4514% 100 2.644x 10
- N B 9.780x 103 1.170x 10 3181x 10
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2 . mg 1.498x 100 1.489x 1P 1.468x 100
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Approach, é (nm)

Fig. 9. Nonlinear least-squares fitting of forces for sphere-on-flat as a func-
tion of approach (case Il).

Appendix B. SBL [20] and ISBL [21] models

Stanley et al[20] developed an adhesion model that in-
cludes the presence of a molecularly thin lubricant layer in
a rough interface. The model is based on the IDMT single-
asperity model and the total adhesion force is given by

Appendix A. Curve-fitted simplified solutions of EMD
single-asperity model

d—t
In order to directly apply the single-asperity MD and 8 2 1
EMD models to rough surfaces in contact, analytical ex- Fs= §”’7RA”AVZO / (Zo—u+d—1)2
—00

pressions for the adhesive and external forces as a function
of the approach and surface/material parameters are needed.
However, the complexity of the MD/EMD models makes it
impossible to obtain such analytical solutions. To overcome
this problem, a nonlinear least-squares fitting methodology
was adopted in this work.

For a specific material pair, the parametgrR, Ay, and
Zo are known and one can readily obtain the numerical so-
lution to the MD/EMD models using Eq$1)—(13) From
the solution, all the relevant forces, namely the noncontact-

ing adhesion, contacting adhesion, and contacting external
force, can be obtained as a function of normal approach.Where the three integl‘als represent the noncontacting, lube-

Then, using a nonlinear square fit method, analytical func- only c_ontacting, and elastig/plastic contacting asperitie.s, re-
tions were obtained for these forces as a function of ap- SPectively. Kogut and Etsiofi6] developed an adhesion
proach. The numerical results of the noncontacting adhesion,model for rough surfaces under dry contact conditions. Sub-

represented very well by the functions model and obtained a more accurate rough-surface adhesion

model that specifically includes the presence of a molecu-
larly thin lubricant and improved elastic/plastic behavior of

0.252§
(Zo—u+d—1)8

2 ]
R u—d—13 (u—d—1)°
d 0

X s¢(u)duds},

d
3
i|¢(u)du + 4—ngf ¢ (u)du
—t

(B.1)

2A B . .
Fane= fonot 220 T n;:2 YR (A.1a) the asperities. The model, termed the improved SBL (ISBL)
onc nc model, is given by
fsel = fsoc+ (Acé + Be) Pc’ (A-lb) d—t d d+w
fi = fio+ Ar8™ + Bys", (A.1c) Fs= 2myRAnAy: / Jnc+ / Jic +0.98 / 70298
—00 d—t d

where fsona Anc, Bne donc: fsoo Acs Be, Pes fio, Aty Br, d+6w d+110
mg, andns are fitting coefficients. In all cases, the fitting er- 0.356 0.093

. . . 7 ' 11 ' B.2
ror was less than 1%. Typical curve-fitted functions for the +0.79 I=0321+ 119 S0z (B2)

d+w d+6w

adhesion and external forces for the roughness case Il are
shown inFig. 9and the corresponding fitting coefficients for where the first, second and third integrals correspond to
this case along with cases | and Il are listedable 3 noncontacting, lube-only contacting and elastic contacting
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asperities. The fourth and fifth integrals correspond to plas- [7] D. Maugis, J. Colloid Interface Sci. 150 (1992) 243.

tically deformed asperities and the integrands are given by

8
&
Jc=¢u)du, (B.4)
b c
Jb = (” - d) <i) & (u) du (B.5)
e e
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