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TTA President’s Message
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Assoc.Prof. Siriluck Vinitchanyong (President of Thai Tribology Association)

-

SA. ASanued U33SSUJA (InanauAUMSAnnsala:msridodulng)

After Thai Tribology Association (TTA) was
officialy established, we have had many inter-
ests from many foreign tribologists and organ-
izations who would like to publish their works
in TTA E-Magazine. On behalf of TTA working
group committee, we are truly appreciated all
the submitted articles. They are all very inter-
esting and definitely worth reading. In the 3
issue of TTA E-Magazine, some of the select-
ed articles will be presented and | really hope
that the readers will find these articles benefi-
cial to their works.

In addition, TTA will organize two tribology
events this year: ICTMP 2016 and a seminar
in MHE’16. More information can be found in
the articles. | also would like to invite you to
participate in these great events and hope to
see you there.
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Thai Parkerizing Co., Ltd.

Thai Parkerizing is a leader in Surface Treatment and Heat Treatment
industry. We focus in best Quality and Technology development to utilize our
products and service to fulfill our customer satisfaction.
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THAI PARKERIZING

We provide variety of products and service
to apply on each metal surface such as iron and
steel, gavanized steel, aluminum i.e. Qur products
are applied to many customer processes since
metal upstream toward OEM (Original Equipment
Manufacturer) finish goods.

Conversion coating chemicals Rust preventive products
» Zinc phosphate coating Depend on your requirement for rust protection
» Zinc calcium phosphate coating » Solvent base type
» Manganese phosphate coating » Wax basetype

» Metal oxide coating » Water base type

» Trivalent chrome coating » PIPAK
» Non-chrome coating (Volatile Corrosion
» Stearate soap coating InhibitorFilm)
» Dry-in-place
lubricant coating (PULS)
Rolling oil Other treatment products
Applied as coolant for cold rolled steel process » Degreasing and cleaning chemicals
» Lubricity » Hydrophilic coating on evaporator
» High rolling speed » Coil coating on galvanized steel _,
(Chromate free) 1
» Short-term rust preventive
chemicals

» Paint remover
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TREATMENT SERVICE

Surface treatment Heat treatment

Phosphate treatment

» Zinc phosphate coating
» Manganese phosphate coating
» Aluminum treatment

» Tnvalentchrome coating

Pallube treatment
(Solid lubrication treatment)

# Molybdenum disulfide (MoS3)
» Teflon (PTFE)

Kanigen®
(Nikel electroless plating)
» Ni-P alloy coating
» Ni-P-B alloy coating
» Ni coating with PTFE
» Ni-Co-W-P alloy coating

DELTA-MKS®

» Zinc aluminium flakes

» Small coating thickness (5-20um)
» Cathodic corrosion protection

» No hydrogen embrittlement

Gasheat treatment

» Gas carburizing

» Gas carbonitriding

» Gas soft nitriding

» Quenchingand tempering

ISONITE®
(Salt Bath Soft Nitriding)
» Quench-Polish-Quench
» Surface hardness/
Wear resistance
» Corrosion resistance

Shot peening

» Fatigue strength
» Modify metal surface

PVD
{Physical Vapor Deposition)
» TiN » TIC

» CrN » TIAIN
» DLC (Diamond Like Carbon)

Surface and
metallurgical analysis

» Microstructure and chemical
composition

» Mapping and depth profileanalysis

» Wear and friction test
» Corrosion test and paint evaluation

SERVICE LABORATORY

Environment analysis q [rus
» Hazardous substance analysis wl tx . _ :
{Pb, Cd and Cr®") "” ..
» Waste water analysis =

(pH, BOD, COD, TDS, SS, Heavy ﬁ 1 =)
metal, il & Grease and Cyanide) & — A e

Chemical analysis Zinc phosphate
» Organic andinorganicanalysis standard panel
» Qualitativeand quantitative » Verify corrasion and paint
analysis evaluation
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Written by M.F.B. Abdollah (Universiti Teknikal Malaysia Melaka), S. Kasolang (Universiti Teknologi
MARA), N\W.M. Zulkifli (University of Malaya), M.J. Ghazali (Universiti Kebangsaan Malaysia), I.C.
Gabeshuber (Vienna University of Technology) and H.H. Masjuki (University of Malaya)

INTRODUCTION

Tribology was first coined in 1966 as documented in Jost Report’. The word ‘tribology’ has
since gained a common usage for matters related to friction, wear, and lubrication in machine in-
teractions. Since tribology is an engineering issue that goes beyond national boundaries, many
tribology societies have emerged across the continents partly motivated by the pursuit for green-
er world via waste reduction. The move for improved tribology practices in industry has reached
Malaysia and in 2007, Malaysian Tribology Society (MYTRIBOS) was established by local tribol-
ogists [1]. MYTRIBOS is responsible to promote proper practices in research and development
related to the field of tribology in Malaysia and to facilitate collaborations between academia and
industry in all possible endeavors. MYTRIBOS eventual vision and mission is to help reduce en-
ergy consumption by making machineries more energy efficient in order to reduce greenhouse
gas emission. MYTRIBOS is contributing towards the improvement of the environment and to
achieve a better quality of life and more sustainable world by creating awareness of the impor-
tance of practicing proper tribology. From a humble beginning in 2007, MYTRIBOS now can be
proud of its current progress with 89 registered members, coming from different background and
areas of interests, from local and international universities, industries and research institutes.
Specifically, more than 80% of MYTRIBOS members are locals and the rest are expatriates
working in Malaysia. The organizational structure of MYTRIBOS for the period of 2013 to 2015
is shown in Figure 1.
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Figure 1. MYTRIBOS executive committee (2013-2015).

CURRENT TRIBOLOGY RESEARCH TRENDS IN MALAYSIA

The current tribology research trends in Malaysia can be classified into five main categories:
(@) Green Tribology (b) Hydrodynamic lubrication in plain journal bearing (c) Tribology of waste
materials (d) Surface and coatings technology, and (€) Biomimetics.

Green tribology involves research and development of bio-based lubricants, pioneered by Mas-
juki and his co-workers at University of Malaya in the early 1980’s. In relatively recent years,
the work by Zulkifli et al. [2] examined the lubricity of bio-based lubricant derived from different
chemically modified fatty acid methyl ester. This bio based lubricant was synthesized using palm
oil methyl ester, pentaerythritol, and trimethylolpropane. They have also investigated the effect
of bio-based lubricant on coating and surface modification. In another group, Belinda and her co-
worker work on improved friction and wear performance of micro-dimpled ceramic-on- ceramic
interface for hip joint [3].

Many aspects of research work specifically in hydrodynamic lubrication of plain journal bearing
have been published by Kasolang et al. [4] who started their work at the University of Sheffield.
The work that started at the University of Sheffield has been further established at the Universiti
Teknologi MARA through co-supervisions of postgraduate students between the two universi-
ties. One of the early highlights of the investigation is on the use of reflection measurement tech-
nigue to measure film thickness and viscosity around the circumference of the journal bearing. In
later work, other response parameters such as friction, temperature profile, and pressure profile
were also reported. Kasolang and co-workers [5-6] have started working on other aspects of
tribology namely wear and bio lubricants.

Nowadays, the need for engineering materials to be environmentally friendly is rising. Waste
materials may be considered a secondary source of materials with an energetic advantage
due to its high energy content. With regard to this research area, Abdollah and his co-workers
strive at seeking innovative and sustainable solutions to these questions by developing a new
potential self-lubricating and friction materials made from agriculture wastes [7-10]. This effort by
young researchers from Universiti Teknikal Malaysia Melaka is expected to have large potential



for advancing a zero waste strategy in improving tribological properties at an affordable cost.

Surface treatments including coatings are rapidly developing areas in tribology that offer new
methods and techniques to control friction and wear. In a series of research collaborations be-
tween researchers from Universiti Kebangsaan Malaysia and SIRIM Berhad resulted in more
than a half dozen top-tier research publications since 2013. Ghazali and her co-workers have
been working on oxide-ceramic materials for marine environments, particularly for tropical coun-
tries to mitigate corrosion and wear [11-14]. Identification on vital parameters in plasma sprayed
coating including good surface textures had improved the quality of depositions and coatings on
the substrates for severe conditions, in particular.

Gebeshuber is an Austrian Professor of Physics who has been living and working in Malaysia
since 2009. As a nanotechnologist, she is well aware of the importance of the nanoscale in tri-
bological applications, and her work bridges across scales, from nano to the device level. She
has been working on bioinspired MEMS on diatom tribology and on green nanotribology. She
introduces biology for tribologists and highlighted the benefits of biomimetics in her latest publi-
cation [15].
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Figure 2. Number of papers affiliated to Malaysia, which fall in the field of tribology and published in Scopus database. The keywords used are tribol-
ogy, wear, friction, lubrication [16].

MALAYSIAN PUBLICATION IN THE FIELD OF TRIBOLOGY

The publication record of various research organizations and academic organizations were
tracked down from as early as 1975 to the current year 2015 and the publication profile obtained
is given in Figure 2. The data shown in Figure 2 was based on Scopus database [16]. Scopus
has practically made data searching and compilation on tribology progress in Malaysia easy
which otherwise can be a daunting task to accomplish. Based on the number of published pa-
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pers, it is uplifting to note that the intensity of research in tribology in Malaysia has increased
tremendously since 2007, the year MYTRIBOS was born. It is worth noting that one of the
MYTRIBOS objectives, to promote Malaysia in the field of tribology through publications, has
been progressively achieved.

MYTRIBOS has moved one step further with the establishment of Jurnal Tribologi making its
debut in 2014 [17]. Jurnal Tribologi is strategically written in Malay to signify local efforts but with
global impact. This journal is an open access of peer-reviewed international journal, dedicated
to the rapid publication of high quality papers on important subjects in the areas of tribology
and other emerging fields related to friction, wear and lubrication. MYTRIBOS also regularly or-
ganizes international conferences and this year, Malaysian International Tribology Conference
(MITC2015) will be held in Penang [18]. The presence of MYTRIBOS has been recognized and
appreciated internationally with the recent appointment as the host of the coming ASIATRIB in
2018. Indeed, MYTRIBOS is committed and all geared for promoting the advancement of tribol-
ogy in Malaysia as well as abroad in support of a more sustainable world.

TRIBOLOGY RELATED INDUSTRY

Tribology related industry may be defined as those companies that engage with friction, wear,
and lubrication related products and technology. The role of industry in promoting tribology is
tremendous. In Malaysia, this has yet to grow and MYTRIBOS has a major role to play. In the
context of Malaysia, PETRONAS, as a strong local industry with global presence in more than
23 countries, is a force to reckon with. In downstream business, PETRONAS helps to enhance
Malaysia’s oil and gas resources. PETRONAS has a total refining capacity of 500,000 barrels
per day and one of key petroleum products produced is lubricants. A subsidiary company known
as PETRONAS Lubricants International Sdn. Bhd. (PLI) was established in 2008 to cater for lu-
bricants global demand. Currently, some of the lubricants based products produced by PETRO-
NAS include PETRONAS Syntium, PETRONAS Sprinta, and PETRONAS Urania for passenger
vehicles, motorcycles, and commercial vehicles respectively. The commitment of PETRONAS
in supporting national education agenda is evident from its engagements with education provid-
ers. Universiti Teknologi PETRONAS (UTP) and PETROSAINS are the mark of its commitment.
In the case of Universiti Teknologi MARA, PETRONAS has also established collaborations with
different faculties such as the Faculty of Mechanical Engineering and Faculty of Chemical Engi-
neering. PETRONAS’s engagement with universities come in different forms including research,
industrial placement, training, and sponsorship [19]. Indeed PETRONAS is a pride of Malaysia
in SO many ways.

The roles of PETRONAS are also championed and complimented by other companies such as
HYRAX Oil [20], Baseron (M) Sdn. Bhd., VICSON Sdn. Bhd., MEGA Energy Sdn. Bhd, HAKITA
Engineering Sdn. Bhd., ZETA Scientific Sdn. Bhd., Lubeworld Holdings Sdn. Bhd., CBM Solu-
tions Sdn. Bhd., Sumber Petroleum Cemerlang Sdn. Bhd., Tenaga Nasional Berhad, QES (Asia
Pacific) Sdn. Bhd., PROEIGHT Sdn. Bhd., TOYO Grease Sdn. Bhd., SYNTOMAX Industries Sdn.
Bhd., and FEOSO Group [21].
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Study of Liquid-Mediated Adhesion between
3D Rough Surfaces: A Spectral Approach

MSANUIRENAU Liquid-Medieted Adhesion S:HINJRUTNSYS:lUSU
lUUaNUIEA: 38 Spectral

Amir Rostami* (Corresponding Author, Email: amir.rostami @ gatech.edu, Phone: 334-524-5942)
Jeffrey L. Streator*

*G. W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology,
Atlanta, GA 30332-0405, USA

Abstract

In this work, a threedimensional model for iguid.mediated adhesion betwean two rough
suriaces s presanied. The approach 15 based on a spectral imult.acales representation of
comprassive rough suriace deformation along with the capillary equafions govemning the
tenside deformation. An Herative numerical algosdthm is designed to salve the sguations
of elasticity and capillarly simultanscusly. It is shown that, under cerain conditions. a
condaci insiability occurs leading to unbounded rates of change of tensile force, average
pap and wetted radius The efects of figuid volume, guid surface tension, surface
topography, nominal contact area, and external load on the stability of contact interface
onsat of instahility.

Keywords: Liquid-mediated adhesion, Surface roughness, Multiscale. Collapse,
Capillary.

M THAI TRIBOLOGY ASSOCIATION (TTA)



Momenclanire

(4,
(4,

e

EEP®® AN

]

len- h-|=.h- '1-"W|H'

i‘i‘!

P o

£y

£

%qt"ﬂu"'"‘b"t:‘u |t =

t

- - o
-
o

H
.

contact area of a n'nl.u-niin.l.l.q_:ui:}'
contact ares ar carly contact of sinusoidal asperity per [GH mode (1)
COMUACE ares af near complete contsct of sinusoddal asperity per |GH model (1)

mewmninal comact ares I:en'unmn:mgh:u.rfm:
real contact anea berween two rough surfaces
arca of wetted region

aspect rt':iiurn.l"l:-nf:i.nu:.nidnl.l.q:ﬂ'jq.- n.mphmd: to its wavelengrhy
equivalent 11} Fourier coefficient

amplisude of sinusoidal asperity

reduction in the average surface separmtion at frequency scale &
mpi.ln.r}']:rmu.n:ﬁmp

volume loss due mmmpuﬂ:hr: TITESEES

volume loss due to tensile stresses

toeal volums boss

clastic modulus

reduced or effective elastic modulus

elliprical integral of the second kind

:F:l:iﬂl 'qulﬂ'ﬂ:}' |rﬂd‘|:rncnlnfl':u‘:lﬂ'g1:hr

total force between tao rough surfaces

tensile force betoeen mugh surfaces
nonsdimensional tensile force

203 FFT coefficients
M:m{msepnnrhnﬁmn:ilgh ﬂp:ntr
averpe surface separation for a single asperity
surface tension nfitpid

non-dimensional adhesion parameter

surface separation at the free surface of the lguaid
average surface separation

indices correspond to spatial frequendies in x and y directions
mean curvature at the free surface of Bguid
Fuin:ipnlnn'nmmuﬁefm: mrt'n:enfdxiqdd

nmd.n.linnlnnglh

scan kengrhs in x and y directions
idimmnupunﬂmrpﬂﬁﬂmﬁmuh:ﬂdydim
numhber of nodal points in x and v directions

Poisson's ratio

avempge contsct pressure of a sinusoidal asperity

avemge CONACT pressure fnrnﬂnphmmnmufiﬁ'ﬂmﬂl] ﬂpcrq.'
external bosd applied o roogh sarfaces

non<dimensional external boad

radial conrdinate

raclivs of wetted region

prncipal radii of curvature ar the free surface of the Bguid
rosvt mean. square of rough surface heights

contact angles berween the Bguid and rough sarfaces
surface deformarion due o tensile fonce

Hl:_r.l.l'd.w'lll.l'nc

rm.gj:nu{ln:htighu
maximum value of the surface heights

<



14

1. Introduction

Significant attentson has been given to hguidmediated adhesion betwsen solid
surfaces in recent years due 1o its influence in micnnano.scale devices 2.7 Small
spacing batween solid surfaces and high swrface araa to volume ratio maks the surface.
dmven forces such as adhesion mportant in small.scale devices such 2s micronano.
alectro.mechanical systems MEMSMNEMS;, headdisk interface HDM, and the tp of
atomic forcs microscope (AR The presence of a wetting liguid betwesan solid surdacas
causas adhesion which negatively affects the performance of these dewicas, The wetling
liguid prasant in the interface dus to condensation, contamination, or lubrcation producas
large concave meniscus curvatures at the liguwd-vapar interface which inducas large

negative pressures. In fact Yang et al B;, based on experiments with an AFM fip,
concluded that the préssure can be negative down to 160 MPa

Several avthors have developed models to descnbe the bahavior of solid-solid contact
in the presance of a liguid film @20, These works can be divided inlo two categonss:-
liguiddmediated adhesion between smooth swrfaces &12y, and 2, hgud.mediated
adhesion batween rough surfaces (1320, Matthewson and Mamin (& modeled tha ligquid
fim adhsasion betwaen two ultra-Rat soled surfaces where different regimes were idantifisd
by differing the guanities of iqusd between tha surfaces. Matthewson 113 also modeled
the liguidmediated adhesion betwean two rough spheras concentrating on tha viscous
componeant of adhesion. Poon and Bhushan (T4, and Tan and Bhushan 15 presentad a
numancal contact model for the contact between threedimensional rough surfaces in the
prasence of a liguid film. In thewr model, liguidmediated adhesion arses from many
izolated capillary bridges in the contadt interface. Tha sfiction phenomanon is investigaisd

and results are oblained for the meniscus force varsus the topographical propenies of the
rough surfaces. Theair work is relevant for films of Bquad thinmer than considerad in the

cumant work. Parsson (17 studiad the sffect of relative humidity an the work of adhesion
and the confacd area between two elastic sohds with mndomly rough surfaces Streator
and Jackson (18 and Sireator |19 used spactral and deterministc approaches,
respachvely, to model the contact between 2D elastic rough surfacas in the presencs of
a hquad film. The tensile force batweaen the surfaces due to liguid-mediaied adhasion is
caloulated and a -surface collapss- phenomenon s obsenved in their work whach
comesponds to a8 sudden jump in the tenside force between the surfacas.

in the cuwrrent work, a8 model for the hgudmediated adhesion bstwesn three.
dimansional 30y rough surfaces is presanted using a multi-scale contact model develaped
by Jackson and Streator 121 drom here on refarred fo as the JS modal. Tha J5 modal is

.ﬂ’ THAI TRIBOLOGY ASSOCIATION (TTA)
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basead on representing contact between surfaces in multiple scales of roughness based
on Founer sanes coafficients. This work reprasants an extension of previous work on the

liguidemediated adhesion batwean 2D rough swrfaces (18, as well as an exension of
praliminary work done by the authors on liqusdmedeated adhasion between 30 rough
surfaces (22

2. Contact Model

Figure 1 shows, schemafically, the interface of intaérest. it consists of a rough surfacs
with nominal contac! area having side length L in x and y directions (4, = L™ :and with
surface heights in z direction. A rigid flat surface swhich is shown as transparent in g 1)
with the same nominal contact area deforms the rough surface in the presance of a Bguid
fim bridging between the two surfaces. k should be noted that the combinabion of a rigid

fiat and a rough surface used in this work 5 2 modal of two hypothabical slastic rough
surfaces, whersby the rough surface of the modsl is given the combinad roughness and
fexibdity of the hypothetical surface pair. it s welkknown that if the liquid wets the two
surfaces, 8 subambient pressure will be developad within the liquid bridge which induceas
tensile wdhasive stresses betwean the two surfaces (23 This prassure drog depeands on
the curvature ai the free surface of the Bquad film, and the curvature, in tum 5 inversaly
proportional to the local spacing at the free surface of the liguid film, The thinnar is the
local gap. the greater is the pull effect betweaen the two surfaces. As the surfaces ans
pulled togsther and tha gap between them decreases, the mors the liguid tends to pull
them together. As the suraces are brouwght into closer proxamity, the compressive
strassas bagin fo nss at the points of contact. Theara are two potential scananos (18, 19;:
ilithe tensile and comprassive forces come into balance with an average gap in the order
of composite surface roughness, or (2the tensile force dominates the compressive farce,
and the interfaca collapseas such that the average gap s a very small fraction of composita
surtace roughnass in the curment work, the goal is to pradict the equilibrivem configuration
for fhe contact of 30 rough swrfaces m the presence of liguid flm gwen the surface
topography, elastic properties, liguid volume, liguid surface tension, and extemal load.

.ﬁ’ THAI TRIBOLOGY ASSOCIATION (TTA)
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Figure 1. Schematic depection of the contact inferlace- contact of a riged flat surlace and a
simulated 3D sfastic rough surface in presence of a liquid film

2.1 Tensile Stresses

As previously menboned, a wetting liquid ihduces a pressure drop across the free
surface. This pressure drop can be obiained based on the Laplace.Young equation sg

230
Ap= Ao b =pla, +xg )=2p% 1
B R Eac i o

where Ap is the pressure drop across the interfaca of the liguid, F is the liquid flm surface
tension, R, , ame the principal radii of curvalure at the free surlace of the bquid, «, , are
the principal curvatures, and £ is the mean curvaturs at the free surace of the higuid. In
this work, the efiect of gravity is neglected and, due to assumed confinuity, the liquid film
5 in frydrostatic equilibrium with uniform pressurs throughout. Hence, acoording to Eguily,
the curvature s the same at any point at the free surface of the iquid Thus, the free
surtace ol the liquid at any cross section cutting along the diameter of the liquid film is a
part of a circle (Fig. 2.
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Figure 2. The free surlace of the kgubd along with rads of cursature and the average gap
between the surfaces

According to Fig 2, setting 8, =r_ and K, =R in Eq.ilywe have

1 1
ﬂp—’[i-l'z] 12|

The assumption R<<r seems reascnable since the gap between the contacting
surtaces at the free surface, &, . is very small jin the order of microns:, and this causes

R to be small compared 1o the radivs of welled area, r, . Thus, we have

ﬂp =% 13|

The radius of curvature at the free surface, 8. can be related to the gap at the free
surface, k, . by

b, =Rlewd, +cosd ) vy

where &, , are the contact angles of the fiquid film with lower and upper surfaces,
respectively. Mow, replacing for 8 from Eg «hin &, the following milaton batween the
pressure drop and the gap at the free surface can be obiained

.le.'r_|-=L{i:-.:u:ﬁ'J +cos by ) =
B,

<
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The average gap, &, will be wsed in the cumant work to calculate the pressure drop,
which is average gap between the two rough surfaces n the watted region, replacing the
gap at the frea surface, k,-WmﬁlgHrﬂhIauin Eq.¢6s, simplifias the numerical process
nesdad to armve at a converged solution.

m:%{ms, +eos, | B

The pressure drop calculated by Eq 6 inducas tensile siresses on each surface
wherever the liguid film i present Oppasing these tensile siresses are the comprassive
sirassas that are developad at the solid-solid contact points, which prevent the reduction
in spacing between the two contacting surfaces. As the sverage gap betwean the two

surfaces reduces, the liquid will expand over a larger area between ihe two surfaces, and
it will also have a higher pressuss drop due to the reduchon in the gap. Henca, two

possibilities can ooccur in the batile between the tensie and compressive forcas. In the
first cass, the comprassive force is large enough to balance the tansile force, and an
eguilibrivem will be reached, with a8 continwows iquid fm compéetely contained within the
niominal contact region. In the sacond casa, the lensile force dominates the compressive

force, and the injerface will collapse nto a naarly full contact,

2.2 Compressive Stresses

Whaen the average gap between the two suraces redwcas, the aspenties on the two
suriaces further interact with each other and increased solid-solid contact occurs. The
elastic comtact batween the two rmough swrfaces is investigated wsing the multi=scale
comndact model developad by Jackson and Streator (21, This modsl is based on
representing the rough surface in multiple scale of roughness using a Fourer senas.
Thus, the surface profile is divided info different scales of frequency, and thea deformation

of each spectral component is calculated saparately using an appropriate model for the
contact of a single aspenty. In this work, a sinusoidal geometry s considered for the single

asparity model The analytical solutions of Johnson, Greamwood, and Higginson JGH1j

for early contact and near complete contact, and the empincal equation developed by
Jackson and Streator (21 for contact arsa along with the surface separation ralations

developed by Rostami and Jackson 24 are used in the framework of the J5 model to
solve the contact problam
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2.2.1 Elastic contact of sinusoidal asperities
A contowr plot of the sinusoidal geometry considerad in this work is shown in Fig 3
JGH 1) presanted two asympiofic solutions analytically for the early and near complste

contact of asperties. Jackson and Streator (21, presanted an empincal sguation
connecting the two asymptotic solutions basad on the numernical data provided by JGH

L
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Figure 3. Contour plot of the 3D simsoidal geometry.

JGH 1) solutions for contact area only consider elashic deformation dunng contact of
thres.dimensional sinusoidal shapsed surfaces. In thair work, F s defined as the averags

pressure considering both contacing and non.contacting regions: acting on the surfaces,
and p is defined as the average pressure that when applied to the asperity causes
complete contact, p is given as

P =a2aEy {7

where A is the amplluds of the sinusoidal asperity, J s the spafial freguancy or

reciprocal of the aspenty wavelength, A (f=1/4), and E' is the egquivalent elastic
modulus which is given by

L
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I I
| B St o i -,

E

Iz E Fla]]

1
E;.v, and E, v, ara the alastc moduli and Poisson s ratios of the contacting surfaces.

The contaciing fiat surface is ngid. so, Eq.& reduces to

E,
EI-= ]
1=t

The JGH 11 solutions are applicable when p<< p» L& at the sarly stages of contact,

and when § approaches p ( p— p*iie near the complete contact The eguations are
given as shown

i

” _x[3 8] .

Facp®: (Amwh IE EIP'] 10y

F—rp‘-.mﬂ}fﬁ[l—j—,[l—i.]] an
ful

Empincal eqguations developed by Jackson and Streator [21) based on data provided
by MaH (1), linking Egs.(10sand ¢11; are given by

for £ <08, 4=(4,, ;,[1-{1_] ]+{.¢m},[i_] 12
p P p

tor L 208 A={Apm)s a3
P

Also, the asymplobc solutions for the surface separation for the early and near
compieta contact condifions of sinusoidal aspeantes developed by JGH 1) are prasented

da

—_"

for Pi_m:l: [%JI=I—%[3:’—§]H+4HEE+1}[%] Ay

o s (§) -T2

Rostami and Jackson (24) developed an empincal eqguation for the average surface

separation between sinusoidal asperifias for the whole range of elasfic contact connecting
Egs.«14:and (15iwhach is given by
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A two.dimensional schematic representation of the surface separafion in sinusoidal
asparity contacts befora and duning contact stages is shown in Fig 4. The average surface
saparation, F, s egual to the ampliude of the sinusoidal asperity, A, when the two
surfaces towch each other, while during the contact, the average surface separation, g,
is smaller than the amplitude of the sinusoidal aspenty, A In other words, when the
average pressure between the two surfaces. F, is aqual fo the complete coniact
prassure, p . the sinusoidal surface is completely flatten out and there is no gap bebween

the surfaces, wharsby g=0.

B

Figure 4. A 2D representation of contact between & sinusoldal asperity and a rigid flat «&
betore, & 1bs during contact.

Egs.a 12y, 13, and (16 are embeadded in the WJSymuliiscale contact model to solve the
solidsolid contact of rough suriaces in the curmant work.

2.2.2 J5 multi-scale contact modal

Jackson and Streator (21) developed a multi-scale modsel for the contact between rough
surfaces based on a speciral approach, and is briefly summarized. The modeal is bassd

on the following assumptions (21
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1. Aspenties of smaller cross-sachonal surface area are located on top of larger
aspanties
2. Each scale or level of frequency cames the same total load

3. Ai each frequency level, tha load is shared equally among the contacting
aspentias

4. Af each frequency leval, each aspenty deforms according 1o a chosen aspenty
contact modelelastic sinusoidal asparity contact in the cumant work,

5. The asperties of a certain kevel of frequency cannot be deformed more than the
amplitude or haight of the asperiias at that level.
The average pressure, P, . &t frequency level, k. can be obtained based on the
assumptions #2 and &3

F,=— {17

where F is the total force between the contacting rough surfaces, and 4, | is the contact

araa at the frequency leval k —1 which acts as the nominal contact area for the frequency
level &. Using the single asperty relations, the contact arsa and average suriace

separation of a single asperity at frequency level & under the contact pressure p, can
be calculated from Egs124.0131, and (16ia. 4 = f(p, ) and g, = f{, ). Then, the contact
araa at the frequency leval & can be calculated

4 = IE i18:
in Eq.i18y, N, is the number of asperities in contact at frequency level &k, and can be

calcudated by

N, =n,4,, ilg

where n, is the number of asperities per unit area and is related to the & level frequency

fi=W4, by

=257 20

The 30 rough surface considerad in this work is comprsed of osallations both in x and
y directions{Fig. 1. In JS multiscale model, a single amplitude for each frequaency scale
is required basad on a 1D discrete Founer transform (OF Ty, of a 20 surface profile da
#{x)i. whilg for a 30 surface profile & z(x, yh 8 mainx of cosffiicianis s cbtained by
calculafing the 2D DFT. Therefore, fo apply the JS5 model to a 3D topography, an
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eqguivalent amplitude is calculated from the matrix of Fourier coefficients ansing from the
20 DFT. Mow, the 2D DFT can be axpressad as

N
Fik. .k, )= izzn.,n, T 2t

where &, and k, comespond to the spatial frequencies in x and y directions, while a, and
m, carmespond fo the spafial coordinates in x and y directions, The output is a N, =N,
miatrix compnsing of complex slemants. As the currant modal requires a singls amplituds
far each frequency scale, an equivalent 10 Fourier coefficient is calculated based an 125)

F.%[Jl,f_h”{*-*,f +J;Z:lﬂi7#l‘ 22

The above eguafion is based on calculating the rmus. values of 1D Fourner coefliicients in
x and y directions and then averaging the two values. It can be shown that A, & related
to the equwvalent 10 amplfude coefficient, 8 . via the gmple relation, A, =28,  except
at k=NT2 whare Ag, = Byys-

2.3 Contact Model Including both Tensile and Compressive
Stresses

In order to consider the effect of liguid film in contact batween rough surdaces, the
average gap batween two surfaces and also the area over which the bguid fm acts are
neadad to be determined. A volumedoss approach dus to both compressive and tansile

siressss is used to considar the effect of guid film. This approach is basad on calculating

the reduction in the average gap betweean the two surfacas in the wetted region based on
the compréssive and tensile volume lbbsses. In the next seclions, it = axplained how to

calcidate the volume lossas dus to compressive and fensile stresses.

2.3.1 Volume loss due to compressive siresses

The loss in available volume due fo compressive stresses can be calculated by
summing up the volumea losses at diferent frequency scales based on the JS multi.scale
modal Each frequency scale expenences a separale wolume reduction In order fo
calculate the volume loss in each freguency scale, the reduction in the averagse gap in
each frequency scale is calculated The mitial average gap at each freguency scale is
equal to the amplitude at that frequency scale when there 5 no force acting on the
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contacting surfaces. In the presence of force the average gap reduction at frequency
scale k can be calculaled as

(A7), =4, - =A l—[i—[i.]m]m 23,

Py

whetre frd.E,]r is the reduction in average gap at frequency scale & due to comprassive
siresses This reduction multiplied by the contact area at frequency level £—1 which acts
as a nominal contact area for freguency scale kgives the volume loss associated with
the frequency scale & . Therefore, the total volume loss due to comprassive stressas, AF,
, can be calculated by

AF, =.z["!f¢ }_'-"!H 24y

2.3.2 VYVolumeloss due to tensile stresses

Thea liguid film also tends fo reduce the average gap betwean surfaces by inducing
tansile stresses betwean surfaces due to capdlary prassure. In the presenca of a lgusd

fim, the solutions for the solidsolid contact are not strictly valid anymore. Howsawar, the
solufions are shll used in the currant work to calculate contributions of the comprassive
slressss in the contact between surfaces. In calculation of the volume loss due to tensls
siressas, & s assumead that the real contact area is a small fraction of the nominal contact
area {an assumpdiion that is to be valdatad laten. Thus, ignoring the regions of solid.sofid
contact, it follows that the tension throughout the wetted region is uniform and eqgual in
magnitude o the Laplace.Young pressure. This assumption of pressure undormity 19
invalid afterthe point of surface collapse becauss then the ratio of real contact area o
nominal contact arsa is no longer expected to be small. Tharefore, the methods ussed
here to solve the contact problem are valid up to the pomnt where mstabdity occurs q.e., to
the paoint of surface collapse, For a uniform pressurs, Ap, acting on a circular wetted
araa with radius, »,_ . the deformation in the wetted region can be obtained by 126

4
wlrl=—=Apr Eirir,) FEr, (25

where u,(r) denotes the elastic deformation at radial position » measured from the center
of rectangular domain (Fig. 1, and E{r/r, } is the complete sliiptic integral of the second
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kind Infegrating Eq. 2% over the wetted region, the volume loss due to tensila stresses,
AF, , can be cakculated by

AF, =ru:{rxlﬂﬂr} 26

Substituding and rearranging £q..25in Eq. 26, the following relation can be oblainad

A¥, = E'- rElrir, Mr 27

integrating Eq.27,, the following relation for volume loss due to tensie siressas can
be obtained

AF::EEEP: 28
IE

Subsiituding for the pressure drop from EqiGiin Eq.28,, the following relation for the
vaolumea loss dus 1o tensile stresses can be obtained

2

16 Hloosd, +cos b, }r’
3 hE' -

where the volume kss dus to fensile stresses for a cartain bgued 15 only a functon of
average gap, & , and the wetted radius, r,. Also, the tensile farce, F,, can be related to

the Laplace.Young pressura according to ihe following rslation
E=mAp (30

where F, is the tensile force betwaen the rough surfaces. Substituting for the Laplaca.
Young pressure from Eq. 66, the relation below can be obtainad

AV =

I
ry¥r
F, ‘; = |cos#, +cosdl, ) 431

The total volume loss in the wetted region, AF_ | is calculated by summing the valume

loss due to compressive stresses in the wetited region, and the volume loss dus to tensils
strasses, AF .

1
AV, =[’i}u;§ +AF az
4,
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The coefficlent multiplying AV cwhich ks the compressive volume loss over the entire nominal
contact regim s needed 1o account for the fact that we are interested in the total woleme loss
within the wetted regaon.

When the two surfaces come into contact at zero load, the gap between the two
surtaces is the maxamum haight of the rough suerface, z,. During loading, the

deformation due 1o both comprassive and tensile sfrésses causes a change in the
average gap betwesen the surlaces The new average gap within the wetted region can

be abiained using the total wolumea loss

ar _ __r__r X3
-2 = r ' §n3k

Enforcing the volume consarvation of tha Equed fém, the following relation between the
average gap and the radius of the wetted ragion can be obtained

V,=mh 134
This relationship can be wnitten afiernatwvealy by
r-={|-’.f.ﬂ-rn (359

Substituding for the average gap between the surfaces from Eq.33

S

Dus to the nonlinear dependency of the both compressive and tensile stresses on tha
radius of the weited region, Eq.(36: must be solved iteratively. It should be noted that the

comprassive volume loss depends on the total force between the two suriaces, which is
the sum of the extermmal load, P, and the tensile forca, F,. The compressive force, F_, is

given by
F =P+F 37

i

where F,can be calculated from Eq.«31L
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2.3.3 Numerical solution algarithm

The numencal algorthm used to solve the rough surdace contact problem in the
prasence of kiquad flm s shown in Fig 5. The material and geometncal paramsters of the
contacting rough surfacas and the kguid volume are nesdad i the nuemencal algorthm,
When the two surfaces touch each other, the mitial average gap is egual fo the maximum
heaght of the rough swrface. As the surdfaces come into contact, the averags gap wil
change, and the new average gap and radius of wetted region are oblained using Egs.
w33 and 36 The iterafion procsss willl confinue unfil convergence is acguired.
Convergence or divergancs of the iteration process is determined based on the relative
ermor of the tenslle foroe in two successive fermtions (|F, ., — F |/ F ., - Convergence is

accomplished when the rlative arror is less than 107,

4. Resulis

Thea results of the numencal modal daveloped for the contact batween rough surfacas
in the prasence of liguid film are prasentad in this saction. The input paramelters such as
rough surface nominal contact area, A,, surface topography, ={x,y), effective elastic
modulus, £, liquid wolume, F,, iquid suriace tersion, y. and contact angles .#, . are
nesdad to obtain a sat of resulis. For convenisnce, a z=m value is selected for contact
angles of the liquid film with upper and lower surfaces, #,,=0. Three-dmensional
Gaussian isotropic surfaces generated by computer are used for the simulations. It was
shown 127 that the stalisiical features of many random profiles such as distnbution of
heigists, curvaturss, slopes, and peak density cowld be exprassed in t&rms of two
parameters, namaly the rmea roughness, o, and the comelation length, 1. In this work, a
surface genemtion method outlined by Garcia and Sioll 128 is implemenied, where an
uncormelated distnbution of surface poinis wsing a random numbear generator is convolvad

with a Gaussian filter fo achieve a random Gauwssian rough surface with a prescribad
standard deviation and having an exponential autocorrelation functon with a prescribed
comelation length.

The numeancal algonthm shown in Fig.5 s used to obtain the aquilibrium configuration

for a given surface topography with the referance material and geometrical properties
given in Table 1. The simulated rough surfacse has a Gaussian isofropic distibution with

comalation length to side length ratio of 1 L =1/200 . The results for the tensile force, F,
. average gap, § . wetted radius. r. . and real contact area. A, versus the flexibiity of the
rough surface. 1/ E', in the absence of external load, P=0, are shown in Fig 6.
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Input geometric and material parameters,
A_‘:':{I:J'}:-Er: .'I"':l:"':]: etc.

'

Choose external load, P

'

Set average gap: h =z

'

:

Calculate tensile force, F,

:

Set wetted radins: r, = (I, / :lﬁ)‘ N P

Add tensile and external forces to give the
compressive force, F,

!

Calculate the compressive volume loss, Al

'

Calculate the tensile volume loss, AV

|

Update the mean surface spacing, ;i

DONE YES Converged on NO
] o

tensile force?

Figure 5. Flowchant of the numencal algorithm



Table 1 Referance properlies
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Figure 6. The results for & tensile force, ¢ average gap, «wetted
radius, and «oh contact area versus the fliexdbility of the rough surface.

in Fg 6, tensde force, F, conact area, 4, and the radius of weited region, r. |
increase, while the average gap dacreases with the flexibility of the mouwagh surface unhl
the slope of the curve becomes vertical The last data point on the curve do a resolution
of 107 mm fkN in the value of flexibiity, is taken as the paint of instahility, and & means

that no eguilbnum configuration could be obtainad for the condact problem for highes

values of fleability, For higher flesibilifies, then, the tensile force overwhalms the
comprassive force and the two surfaces are predicied to expanence nearsomplete or

complete contact e surface collapsa,.



The results for the tensile force, average gap. weited radius, and contact area versus
the external load applied betewean the contacting rough surfaces for the malerial and
geometncal propersas given n Tabda 1 ara shown in Frg, 7. It showld be noted the results

in Fig. 7 are oblained based on the flaxibility value of 1/E" =002 mm” /kN .
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Figure 7. The results for & tensile force, dyeverage gap, owethed radius, and o contect
area verss the extamal kbad betwesn contacting surlaces.

Ag it can ba sean in Fig. 7, the tensile force, wetted radius, and contact area increase
while the average gap decreases with the extamal load. As external load, p. incréases,
it causes more imeraction betwean the contacfing surfaces, which causes a reduction in
average gap. k , between the surfaces and also an increase in the contact area, A,
betwean the surfaces. As the gap between the surlaces decreases, the liguid volums

betwean the surfaces spreads over a widar area. which maans that the radius of welted
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region, r_, increases. The reduction n average gap and the increase in the wetted area

causas the tensile forca, F, 1o increase.

3.1 Non-dimensionalization:

In this section, we seek normalization to present the results in the most genanal way.
By substituting for the radius of wetted region, r,, from Eq.35in BEq.:31,, wa have

F, =%{mﬁ.ﬂ" +eoi, | 38,

Considering the casa with no extemal kbad, p=0. the compressive force on a given
surface balances the tensile force F, =F 1 Also, ignoring the affect of tensile stresses on

the average gap in mitial contact, the average gap for the first frequency scale {t:l] can
be related to the load by Eqg.(16)

s({&f) -

where the average pressure in the first frequency, p,, is calcutated by dividing the tenssle
farce, F, , by the nominal contac! area at the first freguency lavel, 4,. The complsie
contact pressure at the first fregquency can be calculatad using Eg.«7 with Eg.35

LI I{ ul ]m 0
A, PrEATA,
MNow substituting £q. 238, in 40
Woleosd, +emby ) b i
— 1= i
2 ﬂ.[ [ P " EA R ] ] st

Supposing that the average gap at frequency leveal 1, §, . s related to the overall gap.,
h , by some factor X such that g, = Xk . Then we can conclude

32

L by
X

a =

; W lem#, +csd, ) ]m
22t P E e (A, fa R ia]
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where the rme roughness, o, is used as a scaling factor. If can be deduced from Eg.
i3

£= ﬁi{ﬂﬂ. + o8 Hy }ﬂ‘f] o3

a L2/ "Ea® o

where § is an unknown function. A, and o are specified by the undeformed surdace
profile. so, A /o is 8 geometric parameter. In contrast. X refates the parameaters that
result from deformation, ie. g, and &k . However, it can ba shown that, for a given o, X
depends anly on the details of the surface profile e the sat of amplitude cosfficients:
Therefore, Eq.d3iimplies that the equilibrivm gap for a given surface profile depands only
on the dimensionless parameter 3 lcos@, +cosd, J V224" E'e®  Thersfore, an
adhesion paramsater 15 defined as

Hales 8, +oméy)
== ifadap
e FE e o

Considering the external load introduces anather parameater info the depandance of
k /o on the input parameters. Also, consideration of the direct effect of tensie stresses
introduces the additional dimensionlass ratio ¥,/ A e which we label as ¥, and refer to

as the dimensionless volume. The dimensionless tensile force, £ and extarmnal force,
P, can ba expressed as

= -F. = E ; ,
5 " oleosd, e, e’ _(E] i

g P
P =
W,Imﬂ,+mﬂ.].|‘a"

#E

in ganaml, for a given rough surface profile, we can writs

E:H[',F,l";.’ T

o
where J* is an unknown function. Alternatively, using Eq 5. we oblain
f:f'LF,F,P:} rEB:

where f* denntes another unknown function. For & given surface topography, Egs. 47,
and «48) are the most general expressions for the equilibnum average gap and fensile
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32 Equilibrium Curves

In this section, the results for nondimensional tensile forca, £, versus the non.

dimensional adhasion paramater, [, for different material and geometrical parameters
are presented A convergence test is performed fo obdain the number of numencal nodas

neadad along both x and y axés to get accurate resufls for 8 30 Gaussian sotropic
surface. As shown in Fag. 8, for each case the tensile force increases with increasing

adhesion parameater unfil the curve bacomes verfical It can be ssen that convergence is

acguirsd for node nuenbers higher than 2000 along coordinate axis for & Gaussian
isotropic surface with L J/L=1/200. Perdorming an extensive number of simulations for

differant Gaussian isotropic surfaces varying comelation length, 1. and side length, L @&

iz shown that the comvergence is guarantead for simulaied swudacas with at least 10 nodal
points par corredation kenglh In the curment work, the numeancal results are obtainsd for

the nominal contact area with L=2 em.
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Figure 8. Non-dimensional tensile forca results versus adhesson paremeater for different
number of nodes, [V, along each coordinate axis

As menfioned previously, the non.dimensional tensile force, F ., is 8 function of
adhesion parameter, I", non.dimensional extamal load, P, and non.dimensional Bguid

voluma, K. The results for the dimensionless tensile forca, F, versus the adhesion



parameter, I, for differant values of dimensionless volume, ¥, | in the absence of extarnal
load  £* =0, are shown in Fig 8. As expected, the normalized adhesion forca increases

with adhesion parametar for different values of the dimansiondess volume unfil it reachas

a verbical slope suggestive of surface collapse. As the nondmensional liguid voleme

increases, tha instability occurs at higher values of tha adhasion parametear; however, the
nondimensional tensile force at the point of nstability i nearly the same at each ol the

non.dmensonal iouid volumes

ik i

T

Mon-dimensional tensile force, F

L1 ol 02 L3 LI 5 L& L) LLE

Adhesion parameter, I’

Figure 8. Mondemensonal tensde force versus adhesion parameter for difierent values of
nondmenskonal liguid volemes.

Fig 10 shows the resulis for non.dimensional tensile force. F . versus the adhesion

parameter. I, for different values of dimensionless axternal load, P*. A constant value is
selected for the non.dimensional liquid volume for all the cases in Fig. 10 (K] =0.5. It can

be seen in Fig. 10, as the external load, P, increases the instehifity occurs at lower values
of the adhesion parameter, I'. Also, the nondimensional tensile force, F . at the point of

instability increases as the nondimensional extemnal load, P, increases.
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Flgure 10. Non-dimensional tensile force versus adhesion paramater for difierent values
of nondimersional extemal load

Results for the average gap normalized by the rmas. surface roughness, A" =h{e,
varsus tha adhesion parameter, I, are shown in Fg. 11 for different non.diméensional

liguid wolumes, ¥, , where # =0 and shown in Fig 12 for non.dimansional extemal loads,
F'. where F =05 As observed in Fig. 11. the nondimensional average gap. &'.

decraases as the adhesion parameter, I, moreases until the shope of the curve bacomas
varfical Additionally, the instability occurs at highar values of adhesion parameter, [, as

the non-dimensional liquid volume, F, . increases. In Fig 12, the insiability happens at
lower values of adhesion parameter, ', as the nondimensional external load, F°,
increases. Also, Fig. 12 shows that as the non-dimensional extemnal load, P, increases,
the non-dimensional average gap, A", 2t the point of instability decreases.
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The resulls for nondimensional contact area, A4 =4, /4,. versus the adhesion
parameter, 1", are shown in Fag. 13 for different non-dimensional liquid volumes, ¥, , where
F* =0 and in Fig. 14 for non.dimensional exiemal loads. P°, whera ¥, =05. As the non.
dimensional liquid volumea, ¥, , increases, the non.dimensional contact area, A, at the
point of instability also increases (Fig 13, Likewise, as the nondimensional extemal load,
F°, increases, the nondimensional contact area, A, at the point of instability increases
iFig. 14y As it can ba seen from Figs. 13 and 14, the non.dimensional contact area, 4, is

less than 2« af the point of instabdity, which validates the modal assumption that the real
cortact araa is a small fraction of nominal contact area
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Flgure 13. Non-dimensional contact area versus adhasion paramater for difierent values
of non-dimansional liquid volume.
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Figure 14. Nondimensional contact area versus edhesion parameter for different valuses
of nondemenséonal extemal load.

3.3 Cntical Adhesion Parameter

it is of mterest o predic! the point of instability in kqusd-mediated contact between solid
surfaces, as beyond this point, the surfaces would exparience sirong adhesion or sticton.

In this section, the goal is fo obtain a relation for the point of instability based on matarial
and geometrical proparties of the rough surfaces and the liguid film. Presanting a genaral

relafion that is applicable to all rough surfaces including both Gaussian and non-Galssian
random rough surfacas is not feasible. However, restricting our attention to rough surfaces
with an isofropic Gaussian distribution simplifies the task. It can be concluded from Figs.
14 that the crtical adhesion parameter, I, for a given rough surface is a funchion of
nondimensional figuid volume, F,, and nondimensional extenal lbad F. ie
r,=f(F.0;). The results in Figs. (914; were obtained for a given rough surface with
rms, roughness of a=04 pm, and having an isotropic Gaussian distribution  with
comalation kength to side ratio of [ /L =1/X0. Tha dapandency of the criical adhasion

parameatar, [, on the comalation langth, [, of a Gaussian isotropic rough surdace with



a given rms roughness, o, is investigated in Fig. 15. The resulis in Fig. 15 are obiained
for the critical adhesson parameter, [, versus the nondimensional maximuem height,

2o == for, of a Gaussian isotropsc rough surface with tms, roughness of a=04 pm.
It can be seen that the critical adhesion parameier, I | increases as the maximum height

of the surface, = . increases. and it is independant of comrelation length, 1,
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Flgure 15. Critical adhesion paramater versus the non-dimenseonal masimum helght for
different values of correlation lenagth.

In Fig. 16, the results are obtained for the crfical adhesion parameter, I, versus the

non.dimansional maximum height, = . for differant values of rms. roughness. &, while
the comelation lengthis constant and set to {_f L =1/20. The results show that the ontical
adhesion parameter, ["__ is also independant of rm.s roughness, which is a consequence
of the normalization considarad in this work. The resulls in Figs 15 and 16 lead us to
ponclude that by considering the effiect of maximum surface height, =__ . a genaral

relafion for catical adhasion paramsater can be obtained, which is apphtable to different
Gaussian isotropic rowgh surfacss.

L
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Figure 16. Critical adhesson parameter wersus the nondmensional maxémum hesght for
different waluwes of r.ma. mughness.

Tharefors, the crifical adhesion parameater, T, . for diferent Gaussian isciropic rough
surfaces is a function of 3 differant parameters, nondimensional liquid volume, ¥, non.

dimensional extarnal load. P°, and non.dimensional maximum height, =] . ie
r. =_.f-“":1F1'-‘-_ } w3y

In the absence of extamal load, P"=0_ I, is dependent only on F, and =_ . An
empirical ralation is developed for I, based on the extensive rasulls obtained for critical
adhesion parameter for differant combinations of = and F, (Fig. 17. The relation is
given by

T, aliiz

r,=omi= " 450,

The above relation is valid for the nondimensional fiquid volume range, 005 < Fy <2,

and non.dimensional surface height range, 4.18<=__ < 5.91". The average relative armor

 Sratistically speaking, depending on the number of nodal paints, z__ will tend 16 Bl within cerain
bounds. kn the current study, we considered 500 surfaces sach having 4 million nodal poirts and the
above range represents the total variation obsereed.



betwean the empirical Eq.S0yand the numerical results in Fig. 17 is 29 «. For cases with
0=l <[, tha instabiiity does not occur in the interlace of contact, when =1, the
interface is at the crtical point, and when I'>T_ , the interiace experiences instabiity,
and no aqualibrium configuration can be found.
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Figure 17. Critical adhesion paramater wersus the nondemensional ligusd volumes for
different values of non-dimensional maximam surface halght.

A3Dplotol T versus = and ¥, is shown in Fag. 18. Poinis above the critical surface
represent unstable condiions, while those below are stabla

<



Flgure 18. The 30 plot of the critical adheskon parametar versus the non-demenssonal
Bouéd volume and nondimensional maximum surface height for #* =0

if the liguid wolume, ¥, betweean the rough surfaces is controlled, the following rslation

can be obtained for the liquid volume which causas insiability and is basad an the Eg.&0
and substitution for the nondimensional paramsaters

F'jti:fi :EL::,E‘ )_om I[:L]m[ :-E ]m

o
SimpElying and reamanging Eg. 51, the following relation can be obfained for the
crifical liguid volums

rleos @, +cosd, ) o

rh

Since the practical range for = is fimited. i is better to keep “mm. as one term, and it
o

denotes thal =z and o cannot bs chosen completely independentlty. The above

exprassion highlights the role of certain materal propardies on the crfical volume
necassany for interface collapsa. It shows that as the roughness of the surfaces increases,



highes vales of liquid volume 5 needed 1o cause surfacs instability. Also, it shows for

rough surfacas with the same rmes value that as the ratio “= increases, the critical laqusd
o

vaolume also ncreases.

In the prasence of external load, P°, the following relation can be oblained for the
critical adhesion parametar, [, , basad on extensive numnber of numeancal simuiations.

l
r 53

- = ALl
o $17.15) 27 T pE
1] [

w3l « INT
-

pon K

where the range 0</P" <5 is considerad for the dimensionless external load, P, the
range 4.18 <= <591 is considerad for the dimensioniess surface height, =__ . and the
range 0.05 < F; < 1.5 is considarad for the dimensionless iquid volumea, ¥, . The average
relative ermor between Eq.¢653 and the numencal data is 227 « I the external load, P° . is
sat fo zero in Eq.53, it reduces to Eg.«500

A comparison between the numencally obtained crfical adheson parameter, [, , with
the empirical Eg 53, shown in Fig 19, In Fig. 18, the non-dimensional surtace height,
=_.. & constant, and the plois for critical adhesion parameter, T'_. versus non.

dimensional external load. P'. are obtained for 6 different values of non.dimensional
liquid volume, ¥, .

Coltieall achheies porencicr, |

Flgure 18. Comganson batween criical adhesken paramaler resulls with the Empincal Eq.
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4. Conclusions

A numernical moded for the liguid-mediated adhesion between 30, Gaussian, isotropic
rough surfaces s developad. The resulls for the tensile force, average gap, and contac
area are cbtained and discussad. It is shown that the normalized tensile force increases
with the adhesion parametsr uniil tha infedace reaches a point of instability. Beyond this
point, no equiibrium configuration cowld be found because the compressive force in the
confacting swrfaces is ovarwhelmed by the tensile force within the liguid film. This
condition is called surtace collapse, whamsby thers is an expacted upward ump in the
tensie force and wetted radius, as well as a downward jump in the average gap. An
empincal relation for the adhasion parameder at the point of instabilty is obtained based
on the maternal and geometrical properties of the contacting nowgh surfaces and the liquid
fém. It is shown that the critical adhesion parameter, [T, depends on the non.dimersional
liguid volume, ¥, . non-dimensional extemnal load, £°, and the nondimensional maximum
height, =__ asin

1

le = Al
oar: +17.18) 22 ™ P

. which iz valid for the mngs of

~BFD 5 LAT

0oil ¥, =
parametars given below the Eq.&3
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7" International Conference on Tribology in
Manufacturing Processes
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Written by Asst.Prof. Numpon Mahayotsanun (Khon Kaen University)

INTRODUCTION

International Research Group of Tribology in Manufacturing (IRGTM) in collaborations with Thai
Tribology Association (TTA), National Metal and Materials Technology Center (MTEC), King
Mongkut’s University of Technology Thonburi (KMUTT), and Khon Kaen University (KKU) are
organizing the 7" International Conference on Tribology in Manufacturing Processes (ICTMP)
during February 28 to March 2, 2016 in Phuket, Thailand.

The aim of the conference is to present the latest developments in the research of tribological
aspects in manufacturing processes, particularly in the following topics:

* Tribology in forming processes

* Tribology in cutting and finishing processes
* Tribology in joining processes

* Functional surfaces

» Advanced (nano/bio) tribology

The scope of interest is related to friction, lubrication, wear, surface engineering, process model-
ling, applied plasticity and environmental issues. In this conference, we are strongly interested
in “Tribology of Tool Materials and Designs for High Performance and Extended Service
Life”. Focused tool applications are (but not limited to):

* Extrusion

* Forging

» Machining
» Stamping

The applications can range from nano scale, to micro/meso scale, to macro scale. In addition,
the presentations include practical guidelines for solving tribological problems in an industrial
environment.

The conference will be held at Mévenpick Resort & Spa Karon Beach Phuket, Thailand from
Sunday February 28 to Wednesday March 2, 2016. Please note that all the accepted articles will
be published in the Proceedings of ICTMP 2016 (ISBN: 978-616-92565-0-2).
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INFORMATION

For more information regarding ICTMP 2016, please visit www.ictmp2016.com. You can also
contact

Thai Tribology Association (TTA)
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Phahonyothin Road, Khlong Nueng

Khlonh Luang, Pathumthani 12120 Thailand
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Machine Reliability Through Excellent Lubri-
cation Pratices in MHE’16
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Written by Vichai Srimongkolkul
Email. usa@ oilpure.com
Tel. 080-652-2553

HIGHLIGHTS

“A World-Class Manufacturing Training Series to Fundamentally Manage Equipment & Asset
for Profits”. This is a ane day course workshop co-sponsored with MTEC and Thai Tribology As-
sociation (TTA), which will be held on March 27, 2016 during 9.00-16.00 at Impact Muangthong
Thani as part of the Material Handling & Machinery Exhibition 2016 (MHE’16).

INTRODUCTION

Best practice of excellence lubrication to improve plant equipment and its reliability will lead
company to a more profitable operation. Reliability management can be controlled by excellence
lubrication practices which will improve company return on asset, thus lead to enhance share-
holder value and earning from better corporate return on investments. This hidden cost occurs
from the fact that 80% of equipment root cause failure comes from lubrication failure. Today
business rules have changed. Corporate hidden profit can be obtained within the company by
improving machinery productivity and cost savings. Every internal productivity cost savings is
easier to access for profit than the profit that comes from sales revenue deducted the operating
costs.

YOU WILL LEARN HOW TO

* Basic lubrication course, understanding oil additives and its base oil properties.

* How to design lubrication program for plant machinery applications.

» Basic ol filtration technology & effective oil contamination control.

* How to establish used oil analysis program that solves machinery problems.

* How to read oil analysis and interpretation oil property analysis.

* An operating plan to reach the Zero Down Time operation with TPM (Total Productive Mainte-
nance) that works for Thai culture.

* Root cause analysis and Proactive Preventative Oil Maintenance Program.

* A newly evolved TPR (Total Process Reliability) that is replacing TPM.

Q‘ THAI TRIBOLOGY ASSOCIATION (TTA)
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WHY ATTEND THIS TRAINING?

* Transform your business to become World-Class Manufacturing.
* Learn to discover the new hidden costs by improving
* Learn to become a Lubrication Excellence for your operation.

WHO SHOULD ATTEND

* Lubrication engineer

* TPM manager

* Maintenance professionals

* Plant Managers

* Reliability Managers and Engineers
* Operation manager

* Production Manager and Directors
* Lubrication Sales Professionals

MACHINE RELIABILITY OUTLINE

* How lubrication affect Machine Reliability

* Lubrication fundamental

* Used oil analysis and test result interpretation FT-IR Infra-Red scan, ICP etc.

* Oil Contamination Control

* Oil additive & base oil function for better lubrication.

* Secrets of successful TPM (Total Productive Maintenance) program

* Selecting lubrication for different machinery applications

* Financial benefits from achieving lubrication excellence

* Cost reductions in maintenance and operation

* Asset utilization

* Oil management system

» US Best practices of case studies in paper mills, petroleum plant, plastic injection molder
* Lessons learned from BP oil spill from Machine reliability & lubrication practices
* Lessons learned from BP oil spill from Machine reliability & lubrication practices

SPEAKER

Vichai Srimongkolkul

President, OilPure Technologies, Inc. O"-P URESYSTEMS

1he NMachir Reliability Compaiiy

Kansas City ® Missouri * USA

In 2004, Vichai was selected by US government under Bush’s administration to receive a study
grant affiliating with Missouri Enterprise (www.missourienterprise.org) to become an Advanced
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Manufacturing Specialist from University of Missouri, Rolla school of Engineering. He became
a certified specialist in Black Belt Six Sigma, Lean Manufacturing, Supply Chain Management,
Baldrige National Quality Program, and ISO 9001-2000 Certification.

During his last 30 years in America, he applies this knowledge to help American industries to
improve productivity and adapt their manufacturing process into the 21st century world-class
manufacturing. Example of his US clients are Ford Motor, Honda American Motor, Toyota USA,
Inland Paper, International Paper, US Navy for nuclear submarine, Israel Electric Co., and etc.
Some of his work becomes Best Practice and Benchmarking of the companies. He has written
many technical articles for industrial magazines and lectures seminars in lubrication engineer-
ing and tribology, beside the area of World-Class Manufacturing, Total Productive Maintenance
(TPM), Design of Experiments (DOE), Machine Reliability Center, industrial automation, Zero
downtime operation, quality control in oil contamination as related to Statistical Process Control
(SPC), and in-house oil recycling programs etc. In 2007, Vichai was invited by Columbian gov-
ernment in South America to work on the new development of biodiesel technology that can be
appropriated for Columbia municipal government. In 1988, Vichai joined CLARCOR, Inc. (www.
clarcor.com), a billion dollar in sales company, which located in Rockford, lllinois as general de-
velopment manager in research & development in filtration. After the second year of his employ-
ment, he became one of the top 30 key executives who helped manage CLARCOR business.

Vichai developed a new oil purification technology, OilPure process for American industries
since 1988. Most of his US customers has extended their lubricant life and the same oil has been
in service up to 10 years. These customers dramatically reduce the need to buy new replace-
ment oil, reduce the cost of waste oil disposal and increase machine reliability performance. Dur-
ing his R&D development, he invented OilPure technology which was patented in 1992 under his
name — US patent no. 5,112,479. OilPure Systems has won the 1989 Gold Award Product of the
Year from Plant Engineering publication during its development. During that time he becomes
a member of ASTM technical committee, D-2 for lubrication and D-15 for engine coolant, who
helps develop lubrication and coolant specifications.

BP OIL SPILL AT THE GULF

As part of supply chain for BP Oil with Veolia Environmental Services, Vichai from QilPure
Technologies, Inc., helps establish the oil management to support Veolia’'s Robot Submarine
hydraulic oil and recycle their lubrication in the vessel during the oil spill.

INFORMATION

Please call 094-698-8322 to register for the training.
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y Wi-Fi* Mobile Storage

Every device. One drive. No wires. ) V}‘ " My Passport Wireless
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WD, a Western Digital company, is a long-time innovator and storage industry leader. As a storage technology
pacesetter, the company produces reliable, high-performance hard disk drives and solid state drives. These drives are deployed
by OEMs and integrators in desktop and mobile computers, enterprise computing systems, embedded systems and consumer
electronics applications, as well as by the company in providing its own storage products. WD's leading storage devices
and systems, networking products, media players and software solutions empower people around the world to easily save,
store, protect, share and experience their content on multiple devices.
®

Western Digital (Thailand) Company Limited

140 Moo 2, BangPa-In Industrial Estate, Klongjig,BangPa-in, Ayutthaya 13160, Thailand.
Tel: +66-35-278-000 Fax: +66-35-276-050

Western Dighal, WO and the WD loge are registerad tredemarnks of Wastarn Digltal Technologias, Inc. in the US end other countries; absolutaly [& & tradamark of
Western Ugital Technologles, nc. in the LS. and other countries. Other marks may be menticned hersin thet belong to ather companies. Product spacibcations subject to change without notics.
© 2014 Wastern Digital Technologies, inc. All rights reaerved,

Y



THAI
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Thai Tribology Association (TTA)
131 Thailand Science Park, INC 1 Bldg., Room 234, Phahonyothin Road, Khlong Nueng, Khlonh Luang, Pathumthani 12120 Thailand
Website: www.tta.orth | Email: admin @tta.orth



