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Abstract: Problem statement: The present study considers an elastic-plasticacbranalysis of a
rigid sphere with a deformable flat (Rigid Sphereem®l) using finite element analysis. The effect of
tangent modulus on the contact behavior of a noesigé frictionless elastic-plastic contact was
analyzed using commercial finite element softwaMSA'S. Approach: Different materials, in terms

of the ratio of Young's modulus to yield strendgtihd been considered to study the effect of tangent
modulus. The Finite Element (FE) contact analyses warried out by incorporating the various
tangent modulus values of different materidgsults. The result clearly shows that for different
tangent modulus the material hold different streskies. When this modulus increases the strain
hardness value of material was also increaSedclusion: With increase in tangent modulus, strain
hardening resistance to deformation of a matesiaéreased and the material becomes capable of
carrying higher amount of load in a smaller contaea.

Key words: Tangent modulus, Young's modulus, yield strengthy Eatio, elastic-plastic, strain
hardness, rigid sphere

INTRODUCTION concentrated in the region close to the contace zon
they are not considerably influenced by the shdpkeo
The theory of contact mechanics concerned witthodies at a distance from the contact area. Thetiegi
the stresses and deformation which arise when theontact analysis is carryout based on the stress an
surfaces of two solid bodies are brought into comta strain in the contact bodies under loading and adiloy
The two surfaces fit exactly or closely togethethwut  conditions. The present study is to determine hlogv t
deformation (conforming contacts) and the surfaoes, contact parameters are influenced in the load ey
one of the two surfaces, deforms when there iséacd  capacity of the deformed body under loading coaditi
area in between them (non-conforming contact). Whemn understanding tribological phenomenon such as
two rough solids are brought to contact under anabr contact fatigue, wear and damage.
preload, contact junctions are formed at their @cting
asperity tips, which may deform elastically, elasti Theoretical background: The metals hand book ASM
plastic or plastic. The Stress and deflectionsiragis Metals Hand Book defines hardness as “Resistance of
from the contact between two solids have practicametal to plastic deformation, usually by indentatio
application in hardness testing, wear and impactHowever, the term may also refer to stiffness arger
damage of engineering ceramics, the design of Hentar to resistance to scratching, abrasion, or auttinis
prostheses, gear teeth and ball and roller bearings  the property of a metal, which gives it ability tesist
non-conforming bodies, a contact area in betweemth being permanently deformed when a load is applied.
is generally small when compared with the dimersion Another definition is that hardness measures the
of the bodies themselves. The stresses are highhesistance to dislocation movement in the mateiial,
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which case it is directly related to the yield sgth. A contact of a deformable sphere and a rigid flausiyng
common definition that has gained status in thigl fie ~ constitutive laws appropriate to any mode of
that hardness equals the average indentation peessiudeformation, be it elastic or plastic. It also offea
that occurs during fully plastic yielding of thertact general dimensionless solution not restricted to a
area. Greater the hardness of the metal, highés is specific material or geometry. Jackson and Green
resistantce to deformation. Here the hardnessfisetk (2005) (JG model) incorporated variation of maferia
"greater in the hardness of the metal, the greateproperty on deformed geometry and presented some
resistant it has to deformation". The contact sbhere  empirical relations of contact area and contact.loa
and a deformable flat is a fundamental problem inMalayalamurthi and Marappan (2009) introduced a
contact mechanics with important scientific andmore accurate investigation of Finite Element (FE)
technological aspects. The subject of normallyanalysis on the nature of material dependency of
loaded spherical contact stems from the classicatlastic-plastic contact behavior of deformable sphe
study of Hertz in 1881 that derived an analyticaland a rigid flat. Analysis is carried out betwedastc
solution for the frictionless (i.e., perfect slipdntact  limit till the inception of plasticity for varioumaterials
of two elastic spheres (Johnson, 1987). It iswith different radii. The ratio of Young's modults
important to analyse either a single asperity cointa yield strength (E/Y) value less than 300 show Bighky
or contacting rough surfaces consisting of multipledifferent contact phenomena. Shankar and Mayuram
asperity contacts. (2008) analyzed an axis-symmetrical hemispherical
Two fundamental approaches have been studied fasperity in contact with a rigid flat is modeled fan
modeling a single asperity contact either considea  elastic perfectly plastic material. This analysi®ws
deformable hemisphere in contact with a rigid flatthe critical values in the dimensionless interfeen
(Changet al., 1987) (flatting approach) or by solving ratios w/w. for the evolution of the elastic core and the
the contact mechanics problem of a rigid sphericaplastic region within the asperity for different B/
indenter penetrating a deformable half space (lnd a ratios. The FE Analysis of single asperity modethwi
Lin, 2006) (indentation approach). While in thestila  the elastic perfectly plastic assumption dependshen
deformation regime, these two approaches are based Y/E ratio of the material. Tabor (2000) proposedtth
the Hertzian solution (Jackson and Green, 2005) anbardness is not a unique material propeftycording
hence produce identical results. Whenever beyorad thto the literature review contact analysis of defabfe
elastic deformation, these two approaches yieldsphere with a rigid flat using FE Analysis has dbye
different contact mechanics response. several researchers and some of these studiesleonsi
the effect of material properties. The tangent nhaslu

Literature review: Contact analysis can be traced backhad been roughly considered as 10% of Young's
to 1882, in which Hertz studied the elastic contactmodulus. Figure 1 shows that the RS-model (like as
between two glass lenses. Hertz theory is restricie indentation approach). In the Brunel test a haid dfa
the normal frictionless contact between elasticf-hal diameter ‘D’ is pressed under a load ‘W into tHane
space with small deformation. Abbott and FirestoneSurface under test. _

(AF Model) (Abbott and Firestone, 1995) introduced  After removal of the load, the choral diameter‘d’
the basic plastic contact model, known as the sarfa Of the resulting indentation is measured and the
micro-geometry model. In this model, the deformatio Brunel hardness HB is defined as the load W divided
of a rough surface against a smooth rigid flat isPy the surface area of the spherical cap formed by
assumed equivalent to the truncation of the undegor ~ the indentation Eq. 1:

rough surface at its intersection with the flat.

Greenwood and Williamson (1966) used the Hertz), _ 2W (1)

theory and proposed an asperity based elastic model ® nDz[l— [1- (d/D)ZJ
where asperity heights follow a Gaussian distriuti

In order to bridge the two extreme models of GW ) )

(elastic model) and AF (plastic model), CEB model,  1he Meyer hardness A is determined by ball
(Changet al., 1987) developed an elastic-plastic contactdentation in exactly the same way, but it is dedi as
model based on volume conservation of the plaggical the ratio between load applied and the projected af
deformed asperities. Chaegal. (1988) introduced the (he indentation, so that Eq. 2:

hardness coefficient is related to the Poissortie

the sphere. Kogut and Etison (2002) (KE model) useq_| _Aw @)
Finite element method solution for the elasticptas " md?
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Fig. 2: Contact pair

Fig. 1: Brinell hardness method

MATERIALSAND METHODS

(=]
|

The present study aims to study the effect of
contact parameters such as contact area, tangent
modulus and hardness for single asperity contact fo
different materials under loading condition of Rigi
Sphere (RS) model. The Finite Element contact model
of a rigid sphere against a deformable flat is ghanv
Fig. 2. The advantage of simulation, of axis-synroet
problems is that the spherical ball is considersdaa Fig. 3: Meshed model
quarter circles (Nakasonet al., 2006) For the RS-

ST

model contact analysis the contact pair is created \

between sphere and flat. The contact pair confoomat /

is also shown in Fig. 2. y

The meshed model is shown in Fig. 3. For this | _ -~ _E1 .

investigation ANSYS element type plane 82, contal72 v

and target 169 are used. The nodes lying on treaixi 20

symmetry of the hemisphere are restricted to maove i r ~

the radial direction. Also the nodes in the bottointhe Strain -

hemisphere are restricted in the axial directioe ¢

symmetry. The sphere size used for this analysBsHs  _. . .

O}./OS mt.y Here 1EJricti0nIess rigid deformabley contactFlg' 4: Linear hardening law

analysis is performed _for .different materials. The|,, .o 1. material properties

material properties are given in Table 1. EIY Ex10° N/mn? Yx10° N/mm?
552.63 210 380

Hardening parameter: In this analysis, a bilinear 736.84 70 95

material property, is shown in Fig. 4. For linear 769.23 100 130

hardening law ‘H’ is a constant and depends on thé’39-13 120 69

material parameters E ang:E
The tangent modulus is taken in terms of

H = E, 3) percentage of Young's modulus. It is found that the

E-E value of ‘H’ lies between 0 and 9 when using Eqlt3

is obviously to check whether the obtained ‘H’ edu

Where: will lies in the above limit leads to the validibf the
E = Young’s modulus value new method. If H = 0 that indicates elastic peHect
Er = Elastic Plastic tangent modulus, plastic material (E= 0) behavior which is an idealized
Yo = Initial yield stress, material behavior. The normalized general valuegof
H = Hardness of the material and H is shown in Table 2.
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Table 2: k and H values 68 Cortact dnaiyz= =
Tangent mOdUIUSE HardneSS H CONTACT PARAMETERS OF RIGID SPHERE WITH FLAT PLATE
0 0.00
OlE 011 VOLMIE'S MODULLES OF THE MATERIAL [ N *
0.2E 0.25 RADIS OF THE SPIENE I =
03E 043 LOAD AFFLIEDY p R ———
0.4E 0.67
0.5E 1.00
0.6E 1.50
0.7E 2.33
0.8E 4.00
0.9E 9.00
Table 3: Tangent modulus and stresses

E/Y =552.63 E/Y =1739.13 LALEULATE | CLEAD ALL aun
Tangent modulus Stress (N/fm Stress (N/mr)
0.1E 43.226 8.081
0.2E 43.066 7.815 N . .
0.3E 44.301 49.827 Fig. 5: Input view of design calculator
0.4E 56.812 21.976
0.5E 60.132 20.891 :
0.6E 59,932 22 477 In Eq. 51 anq 2 denotes the ball and plate riadter
0.7E 22.374 21.268 propertles respectlvely.
0.8E 15.679 8.264 The projected surface diameter, d, of the residual
0.9E 18.196 6.649 impressed indentation was shown to fit the reladiop:
Table 4: Tangent modulus and stresses

E/Y = 736.84 E/Y = 769.23 d=2[w(D-w)]" (6)
Tangent modulus Stress (N/Mm Stress (N/mr)
0.1E 7.282 9.496 _ .
0.2E 2.990 11.712 In Eq. 6,0 was taken as the total indentation depth
0.3 6.956 9.665 under load and D is the ball diameter.
0.4E 16.563 15.347
0.5E 21.661 25.548 . _
0.6E 6.664 24.102 FE analysis. The wide range of values of tangent
8-;5 g-ggg gg-g(lé modulus is taken to make a fair idea about thecetié
0.9E 5774 7392 it in different materials, hardening parameter dhne

area of contact. The FE analysis is carried out for

Table 5: Various contact parameters different materials i.e., 560 E/Y >1750. The stress
Er o d a/R B/ YR values with respective to tangent modulus of déffer
0.1E 0.065 3.603 0.036 19.89 materials are given in Table 3 and 4.
0.2E 0.062 3.519 0.035 19.34
0.3E 0.058 3.404 0.034 18.78 . )
0.4E 0.055 3.315 0.033 18.24 Analytical solution for contact parameters. The
0.5E 0.053 3.254 0.032 17.68 indentation pressure under elastic, elastic-plastid

fully plastic conditions may be correlated usingan-
dimensional form of gY as a function (Etan p/Y),
wheref is the angle of the indenter at the edge of the
contact. With a spherical indenter ffan sin f = a/R,
which varies during indentation process. Whereisa’
width of the contact area (d/2) and ‘R’ is the tedof
o ={9L%8D}* 2{(1 -V /E +E }]*® (4)  the ball (D/2). The material E/Y value of 552.63 is
) . . taken for observation of various parameters and it
In Eq. 4, L is the applied load; D is the ball related to the contact behavior of the sphere Wiith

diameter and the paired material constant& and B (indentation approach) with the incorporation o th
are the Poisson’s ratio, Equivalent young’s modulugangent modulus, Table 5 (Eq. 4-6).

and tangent modulus. Thé i given by:

Penetration depth and projected surface: In this study
an attempt has been made to modify the indentdépth
in the new form by incorporating the tangent mosdutu
terms of %E. The loading relationship for the peatiein
depth is given by the relation:

102 1-0?2 Design calculator: The design calculator is developed
1/E =?1+T2 (5)  using Visual-Basic coding (VB). Figure 5 shows the
1 2 input model (Screen) of new developed calculattie T
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Young’s modulus of the material, radius of the sphe The plastic strains are, of course, not uniformy bu
and load applied are the input data. whatever their quantitative value, the strain voé a
The VB coding is generated from the analyticalfynction of d/D.Then made a very bold assumption,
elastic equations of the rigid sphere and a defblena 5 mely that there is a representative strainin the
flat, by considering the material properties. specimen which is a power function of d/D
Figure 8 shows the relationship between the
RESULTS ratios of non-dimensional strain to tangent modulus
) As the tangent modulus increases, the d/D ratio
relationship. With the nerease. In tangent modulue cC/c25eS: This is due fo the projected surface
value, the stress in the material (E/Y<1000) insesa ﬂianjhiria?red;sgease' This implise that the tangen

up to O0.5E. After that, stress decreases with , 9 sh h del of desi
increase in the tangent modulus. If stress in the Figure 9 shows the output model of new design

material (E/Y > 1000) increases up to 0.3E, aftett calculator. The output parameters are radius ofecon

stress decreases with increase in the tangemontact pressure, area of contact. Maximum stress

modulus. Here it is observed that higher stress igduced and depth of penetration.

developed in the material E/Y < 1000 of hardness H The New design calculator is developed by computer

and H = 0.43 for the material having E/Y > 1000. coding for calculating the various contact paramsetéis
Figure 7 shows the diameter of projected surfdce overy useful for basic learner and design engineettfe

the residual impressed indentation. As the tangendelection of material for designing a component.
modulus of the material increases this diameter(d)

decreases.
0.074 1
i) 0.072
il 0.07
o 50 ~ 0.068
E e
Z 40 —— EfY =55263 0-066
£ -8~ E/Y =736.84 0.064
“ E/Y =769.23 0.062 |
20 :
—— E/Y =1739.13
it 0.06
0.1E 02E 03E 04E 0.5E
0 Tangent modulus
0.1E 0.2E 0.3E 0.4E 0.5E 0.6E 0.7E 0.8E 0.9E
Tangent modulus . .
Fig. 8: d/D ratio Vs k£
Fig. 6: Plot of stress Vs tangent modulus for difet 5 S—
. Contact fnakysn )
materials
CONTACT PARAMETERS OF RIGID SPHERE WITH FLAT PLATE
37 YOGS WEHBLILLIS OF THL MATERRAL 21a5 Mimm ™
36 RATHLIS OF THE SPHEAE — tomn
E 3 < LinAdh AFPLIED L o
C\:: - RAMIIS OF CONTALT - 2 ATRAFTSRAANSY e
\:. 3 4 CUMTALT PHESSURE - TE20. VS0 FIN4E N 2
T'_J 3 3 ARCA OF COMTACT = 10 AR MAFETS o
E HAXIMIIN STRESS INDUCED - FTAZ Wi 2
= 32 WEPTH OF PENERATION - OUGEOSETSERGA! e
31
3
0.1E 02E 03E 04E 0.35E CLEAR ALL e
Tangent modulus
Fig. 7: Projected area diameter Vis E Fig. 9: Output view of design calculator
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DISCUSSION Chang, W.R., I. Etsion and D.B. Bogy, 1987. An
elastic-plastic model for a contact of rough
From the results obtained it is observed that the surfaces. J. Tribol,, 109: 257-263DOI:
non-linear behavior in-between stress and tangent 10.1115/1.3261348
modulus. The tangent modulus increases the hardne€hang, W.R., I. Etsion and D.B. Bogy, 1988. Static

of the material. The material behavior is depenaent friction coefficient model for metallic rough
the tangent modulus. The effect of tangent modoass surfaces. J. Tribol,, 110: 57-63.DOIl:
greater influence in contact parameter. 10.1115/1.3261575
Greenwood, J.A. and J.B.P. Williamson, 1966. Cdntac
CONCLUSION of nominally flat surfaces. Proc. R. Soc. Lond. A,

295: 300-319. DOI10.1098/rspa.1966.0242

The tangent modulus of the material is notJackson, R.L. and |. Green, 2005. A finite element
considered in the study of rigid sphere and a study of elasto-plastic hemispherical contact
deformable flat model so-far. The effect of thegmmt against a rigid flat. J. Tribol., 127: 343-354.
modulus in the contact parameters is very impofiant Johnson, K.L., 1987. Contact Mechanics. 1st Edn.,
contact phenomena. The detail study of the efféct o = Cambridge University Press, Cambridge, ISBN:
tangent modulus and strain hardness is carriecbput 0521347963, pp: 452.
FE analysis and analytical solutions. The differentKogut, L. and |. Etsion, 2002. Elastic-Plastic ot
materials were consider for the analysis. In thé &n Analysis of a sphere and a rigid flat. J. Applied
was found out that the stress hold in the matdsial Mech., 69: 657-662D0I: 10.1115/1.1490373
depends upon the tangent modulus value of théin, L.P. and J.F. Lin, 2006. A new method for &élas
material. It is observed that the higher stress is plastic contact analysis of a deformable sphere and

developed in the material E/Y < 1000 of hardness H a rigid flat. J.Tribol.,, 128: 221-229.DOI:

and H = 0.43 for the material having E/Y > 1000islt 10.1115/1.2164469

established that when the tangent modulus is isecka Malayalamurthi, R. and R. Marappan, 2009. Finite

the hardness of the material too increases. Thease element study on the residual strains in a sphere
in tangent modulus also reduces the projected affea after unloading from the elastic-plastic state. lht

the indentation. So the d/D ratio is decreased when Comput. Methods Eng. Sci. Mechan., 10: 277-281.

tangent modulus increases. The reduction in this ra DOI: 10.1080/15502280902939486
implies the increase of the straining action of theNakasone, Y., T.A. Stolarski and S. Yoshimoto, 2006

material. The material can cary large load in senall Engineering Analysis with ANSYS Software. 1st
contact area when the straining action (Straindrandg)) Edn., Butterworth-Heinemann, Oxford, Burlington,
is increased. VB coding was generated to devetigsign Mass., ISBN: 075066875X, pp: 456.
calculator for calculating the various contact paters. It Shankar, S. and M.M. Mayuram, 2008. Rinite
is very useful for design engineers to select thtalsle element based study on the elastic-plastic tramsiti
material based on the material properties for desiga behavior in a hemisphere in contact with a rigid
component under loading contact condition. flat. J. Tribol.,, 130: 044502-044506DOI:
10.1115/1.2958081
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