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The present study considers finite element basedacb analysis of an elastic-plastic
axisymmetric hemisphere using ANSYS to study fiéxet ef material properties under full stick
contact condition. Results are compared with previelastic-plastic models for perfect slip
and full stick contact conditions. It is found thaaterials with modulus of elasticity to yield
strength (E/Y) ratio less than and greater than 380w strikingly different contact behavior.
When E/Y ratio is less than 300, contact load iases with the increase in modulus of
elasticity whereas in elastic-plastic range, comtbiad decreases with the increase in yield

strength.
Keywords: Elastic-plastic contact, Full stick, Material pregies, Sphere on flat, Finite element
method.

1. INTRODUCTION in elastic contact until a critical interference is

reached, above which the volume conservation of
Contact is inevitable in engineering applicatioms f  the sphere tip is imposed. The CEB model suffers
transmitting force, motion, power etc through point from a discontinuity in the contact load as well as
or line contacts. In the present study, our field o in the first derivative of both the contact loacdan
interest is point contact. The study of contactthe contact area at the transition from elastic to
mechanics started with the pioneering work of elastic-plastic region. Later on, Evseev [6], Chang
Hertz [1] who presented the contact analysis of two[7] and Zhao et al. [8] have attempted to improve
frictionless (perfect slip) elastic solids with the elastic-plastic contact model. An introductadn
geometries defined by quadratic surfaces. Sincdfriction at the interface of contact had enableel th
then the assumption of surfaces having asperifies oHertz theory to be extended in a realistic manner.
spherical shape is adopted to simplify the contactTimoshenko and Goodier [9] stated that the results
problems. However further progress of Hertz theoryof normal loading under friction differ from the
did not continue until Huber calculated the stressfrictionless Hertzian contact problem. However,
field developed due to the frictionless spherical contact of spheres with same elastic constants
contact [2]. Greenwood and Williamson [3] used Yields identical tangential displacements, which
the Hertz theory and proposed an asperity basecetliminates the possibility of interfacial slip atite
elastic model where asperity heights follow a Hertz theory is applicable in certain cases of
Gaussian distribution. Hertz assumed frictionlessfrictional contact also [10]. Hence normal contact
surfaces and his theory is restricted to perfectlyof two spheres with same material properties
elastic solids. The first plastic model was exhibits same results under full stick contact and
introduced by Abbot and Firestone [4]. They perfect slip contact conditions. This idea is used
neglected the volume conservation of the plasticall modeling spherical contact under combined normal
deformed sphere. The first model of elastic-plasticand tangential loading by several researchers [11-
frictionless contact was proposed by Chang et al.14]. These studies [11-14] assumed perfect slip
(CEB model) [5]. In this model the sphere remains contact during normal loading and used friction for
tangential loading. Goodman [15] first provided the

Biplab Chatterje, Prasanta Sahdo analytical solution of two dissimilar elastic spber
Departmenof Mechanical Engineering in normal contact under full stick (infinite fricm)
Jadavpur University, Kolkata 700032, In condition. He expressed the distribution of
'e-mail: psjume@gmail.com tangential stress over the contact area and ignored

164 Tribology in industryVolume 33, No. 4, 2011.



the effect of these tangential stresses on the alorm [28] studied the residual stress and deformation in
displacement. So the pressure distribution over theelastic-plastic hemispherical frictionless contact
contact area followed the Hertz result. Spence [16]with a rigid flat. Malayalamurthi and Marappan
solved simultaneously the dual integral equations[29], Sahoo and Chatterjee [30] also considered the
for shear stresses and pressure distribution teer t effect of material properties during unloading.iSo
contact area and calculated the total compressivean be seen that a wide range of literature is
load under full stick condition. Spence [17] available for frictionless contact of a deformable
extended his previous work for adhesive contactsphere and a rigid flat. The ideal assumption of
using certain value of friction coefficient. He fai  frictionless contact (perfect slip) may give anade
that, for the same elastic constants and frictionfor interfacial interactions, but results diffelofn
coefficient the extent of slip region is same for the realistic contact. For example, Johnson [31]
specific surface profile. The studies of point @mit  observed, “Friction can increase the total load
revealed the effect of contact conditions andrequired to produce a contact of given size by at
material properties on the deformation and stressmost 5% compared with Hertz.”
field. However accurate solutions could not be done
until the finite element method was used to solve Two types of contact simulations are in general
the problems. available in literature; perfect slip and full &idn
perfect slip, it is assumed that there is no tatigken
Use of commercial finite element software in stress in the contact area. The contacting poiits o
contact mechanics came into the existence in theghe sphere and the flat, which are covered by the
21st century and it has the capability to calculateexpanding contact zone, are prevented from further
accurately the contact parameters like contact, loadrelative displacement in full stick condition [32].
contact area, and pressure etc. removing some oBrizmer et al. [33] first analyzed the effect oflfu
the assumptions made in the earlier theoriesstick condition on the elasticity terminus of a
regarding asperity interaction and large defornrmatio spherical contact using finite element software
[18]. Accurate calculations of contact area and ANSYS. Brizmer et al. [34] extended their study
contact load are of immense importance in the fieldfor the loading of an elastic plastic sphericaltach
of tribology and leads to an improved both under full stick and perfect slip contact
understanding of friction, wear, thermal and conditions. They found that interfacial parameters
electrical conductance between surfaces. Kogut andire insensitive to the contact condition and malteri
Etsion [19] (KE Model) first provided an accurate properties of the deformable sphere. However they
result of elastic-plastic contact of a hemispher@ a concluded that the contact load, average contact
a rigid flat using commercial finite element pressure is slightly affected by Poisson’s ratiait Z
software ANSYS under frictionless contact et al. [35] performed the unloading of an elastic-
condition. Jackson and Green [20] (JG Model) plastic spherical contact under full stick contact
extended the KE model to account for the geometrycondition. They found a substantial variation in
and used five different yield strengths (Y) forithe load area curve during unloading under full stick
study. Quicksall et al. [21] used finite element contact condition compared to that of perfect slip
technique to model the elastic-plastic deformation condition.
of a hemisphere in frictionless contact with adigi
flat for various materials such as aluminum, bronze An extensive literature review shows that a lot of
copper, titanium and malleable cast iron. Theyresearch has been done to study the effect of
studied the error of formulation for KE and JG material properties on interfacial parameters for
models. Shankar and Mayuram [22, 23] used finite perfect slip contact condition and Brizmer et &,[3
element method to study the effect of material 34] has provided the accurate solution of contact
properties during transition from elastic to elasti parameters like contact load, contact area, contact
plastic region with KE model. Recently pressure under full stick contact condition using
Malayalamurthi and Marappan [24], Sahoo et al.finite element software. However the effect of
[25, 26] concluded that the interfacial parametersmaterial properties on contact parameters under ful
like contact load, real contact area, during logdin stick contact condition is still not available inet
are dependent on the material properties of thditerature. The present study therefore aims to
deformable sphere in contact with a rigid flat. investigate the effect of modulus of elasticity,(E)
Etsion et al. [27] further extended their study of yield strength (Y) and E/Y ratio on contact
frictionless contact of a deformable sphere with aparameters like contact load, contact area, and
rigid flat for analysis of unloading and predicted contact pressure under full stick contact condgion
that unloading is independent of the physical andusing the commercial finite element software
geometrical properties of the sphere. Jackson. et alANSYS.
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2. THEORETICAL BACKGROUND P

The contact of a deformable hemisphere and a rigid
flat is shown in Fig. 1 where the dashed and solid 4+
lines represent the situation before and afteragbnt
respectively of the sphere of radius R. The figure
also shows the interferenae)(@nd contact radius (a)
corresponding to a contact load (P). As mentioned
earlier the present study is concentrated on the fu
stick contact condition and the results are contpare
with perfect slip contact condition [26]. Tabor [36
mentioned that full stick contact condition is more Figure 1. A deformable sphere against a rigid flat
realistic than that of perfect slip contact cormditi
due to the formation of junction in the former case
Brizmer et al [34] provided the empirical relations 3. FINITE ELEMENT MODEL
for critical interference and corresponding valfgs
critical loads and critical contact area for perfdip ~ The present study utilizes the commercial finite
and full stick contact conditions. For full stick element software ANSYS. To improve upon the
contact ~condition, the contact parametersefficiency of computation, an axisymmetric 2-D
(interferencew, load P and area A) are normalized model is used. The hemisphere is modeled by a
using the following expressions for critical quarter of a circle, due to its axi-symmetry. Aelin
interference ), critical load (B and critical = models the rigid flat. The model refines the elemen
contact area (4 given by of Brizmer et al [34]. mesh near the region of contact to allow the
) hemisphere’'s curvature to be captured and
v )(I))ZR(GBZ/—783(|/2+0.0586)) (1) accurately simulated during deformation. The
2 E model uses quadrilateral, eight node elements to
Y s AR ) mesh the hemisphere. The resulting ANSYS mesh
R ==5 G (RL-v)(D)" @8 -1013v°+0089) (2) s presented in Fig.2. The mesh consists of 12986
no of PLANE82 and 112 no of CONTA172
A =R (3) elements. The rigid flat is modeled by a single)-no
_ flexible two-node target surface element
Where,CV-1.234.+1.256/. The parameters Y, E, (TARGE169). For full stick contact condition,
andv are the yield stress, Young modulus, and infinite friction condition is adopted. The mesh is

Poisson’s ratio of the sphere material, respegfivel fyrther refined depending upon the requirement for
and R is the radius of the sphere. the large deformation.

a)C = (CV

1 ANISYS

ELEMENTS
JUN 5 2009

Zz:11:48

Figure 2. Finite element mesh of the sphere generated byYANS
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The present work uses a maximum of 166730.21 GPa. For a yield strength value of 1.619 GPa,
elements for the radius of dm. The nodes on the the E/Y ratios work out to be 123.53, 63.62, 49.41
axis of symmetry are fixed in radial direction. and 43.24 respectively. Thus E/Y ratios are less
Likewise the nodes on the bottom of the than 300 while for yield strength value of 0.21 GPa

hemisphere are fixed in both axial and radial the E/Y ratios are greater than 300. The values of
direction. The bilinear isotropic hardening (BISO) the material parameters are given in Table 1.
option in the ANSYS program is chosen to accountPoisson’s ratio is taken as 0.32. The results ef th

the elastic-plastic material response for the singl finite element model are presented for a variety of
asperity model. The rate independent plasticity interferences.

algorithm incorporates the von Mises criterion.

Tangent modulus is assumed as zero for elastic Table 1. Material Properties for different cases

perfectly plastic models. The mesh density is Case E (GPa) Y (GPa) E/Y ratib

iteratively increased until the contact force and

contact area differed by less than 1% between the | 1 200 1.619 123.53

iterations. In addition to megh convergence, the > 103 1619 63.62

model also compares well with the Hertz elastic

solution at interferences below the critical 3 80 1.619 49.413

interference for perfept slip cqntgct condition.isTh 4 70 1,619 43.2366

work uses Lagrangian multiplier method. The

tolerance of current work is set to 1% of the |5 200 0.21 952.38

elgment Wld'[h.. Compqtatlons too.k a_bout .15 6 103 0.21 490.476

minutes for getting solutions up to yield inception

and an hour for large deformation ina 1.6 GHz. PC. | 7 80 0.21 380.95
8 70 0.21 333.33

4. RESULTSAND DISCUSSION

&
Ja

The deformable sphere with a rigid flat is a
fundamental problem to get an insight into the &
happenings when two rough surfaces will come into %
the contact. KE [19] provided the general solution & 3%}
for the contact of a deformable sphere with a rigid ¢ 300}
flat at perfect slip contact condition. Later other 5
authors studied the effect of material properties o
contact parameters at perfect slip contact conditio

o
N N
o a
o o
T T

Dimensionless C

Brizmer et al [34] studied the contact behavioaof o0 ~#- Brizmer et al
deformable sphere with a rigid flat under full ktic 100 o K mocel
contact condition. They inferred that the interéhci S I ve Sahooetal
parameters are slightly affected by Poisson’s ratio os— > = = - = o
They used three values (500, 1000 and 2000) of Dimensionless Interference (o/oc)

E/Y (modulus of elasticity to yield strength) ratio Figure 3. Dimensionless contact load versus

Now Y/E indicates the elastic strain capacity or  dimensionless interference for various models
material strength, thus as E/Y increases, theielast

strain capacity or material strength will decredse. Fig. 3 presents the comparison of dimensionless
engineering applications, some alloy steel, highcontact load (P/Pc) as a function of dimensionless
carbon steel, stainless steel are used whose E/Yyterference q¥wc) for various models. KE model
ratios are below than 300. On the other hand low[19] presents the contact load in perfect slip aont
carbon steel, aluminum, grey cast iron are alsogondition whereas Brizmer et al [34] analyze
widely used with E/Y ratios greater than 300. The gimensionless contact load in full stick contact
present study therefore aims to study the effect ofcondition. The results from the present simulation
modulus of elasticity, yield strength and E/Y ratio ynder perfect slip contact condition correlate well
on contact parameters of a deformable sphere withyith the previous studies [20, 26]. In the present
a rigid flat under full stick contact condition. 0  study, the emphasis is on contact of an elastic
this purpose, four different values of elastic perfectly plastic deformable sphere with a rigit fl
modulus (E) typical of different steel, aluminum ynder full stick contact condition. Zait et al. [35
and cast iron are chosen. These are 70, 80, 103 anglso found identical dimensionless contact load for

200 GPa. Yield strengths are taken as 1.619 angherfect slip and full stick contact conditions dgi
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loading. Present simulation results differ fromttha outward is held back due to the stick contact
of KE model [19] and Brizmer et al [34] because imposed by the rigid surface.

both these studies ignored the effect of low E/Y

ratio on contact parameters and used elastic- 450
isotropic linear hardening with a tangent modulus
of 2%.

)
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The average contact pressure to yield strength rati
(P/(AY)) as a function of dimensionless
interference «/w) under full stick contact
condition for E/Y<300 is plotted in Fig.4. It is
clearly evident from the figure that there is a
decrease in mean contact pressure after reacking it e e
peak value, while the peak value is dependent or | wan ENV=6362 ||
modulus of elasticity, E. As the value of E s o B e
increases, peak mean contact pressure als % 20 20 50 80 00 120
increases. Similar behavior has been observed fo Ll SIS

perfect slip contact condition also [26].
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Figure 5. Dimensionless contact load versus
dimensionless interference for E/Y<300
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Figure 4. Dimensionless mean contact pressure Bl IS UG e

versus dimensionless interference for E/Y< 300 Figure 6. Dimensionless contact area versus

: _ _ dimensionless interference for E/Y<300
Fig. 5 represents the plot of dimensionless load

(P/R) versus dimensionless interferencéck) for g 7 presents the dimensionless contact area

dimensionless contact load increases with thegayiier elastic-plastic models under different echt
increase of E at higher dimensionless interferencecongitions. A comparison is also made with the

At Wy, =100.02, the dimensionless contact load is present simulation. The plots of Brizmer et al unde
36.73%, 20.725%and 7.4% higher for E/Y=123.53, fy|| stick contact and KE model under perfect slip

63.62 and 49.413 respectively than the contact condition are obtained from the empirical
corresponding value at E/Y=43.2366. expressions given in the respective literaturds It

_ _ ) found from the plot that the dimensionless contact
Fig 6 represents the plot of dimensionless contacipad is marginally higher under full stick contact
area (A/A) with dimensionless interference/(x)  condition (Brizmer et al [34]) than that for perfec
when E/Y<300.lt is clear from the figure that slip contact (KE model [19]) condition for the same
dimensionless contact area decreases slightly witidimensionless contact area. However, the load-area
the decrease in modulus of elasticity. JG modg|l [20 plots for perfect slip [26] and full stick contact
inferred that beyondww,:= 22, the last contact (Present work) conditions are nearly identical.sThi
point displaces positively and those displacementis in conformity with Zait et al. [35] who predicte
increases with material strength for perfect slip the same behavior for perfect slip and full stick
contact condition. For the present stick contactcontact conditions.
condition, the contact point which tends to displac
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Figure 7. Dimensionless contact load versus
dimensionless contact area for various models
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Figure 8. Dimensionless contact load versus
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Figure 9. Dimensionless contact load versus
dimensionless interference for E/Y>300

the same applied load in a smaller contact area.
Thus the resistance to deformation of a material
increases with the increase in E/Y value.

For the second set of simulations, yield strenybh (

is considered at 0.21 GPa. Four different elastic
modulus 200, 103, 80, 70 GPa are used and the E/Y
ratios are 952.38, 490.476, 380.95, 333.33
respectively (as shown in Table 1). Fig 9 shows the
variation of dimensionless contact load (P/& a
function of dimensionless interferenag/¢c) when

E/Y is greater than 300 under full stick contact
condition. It is seen that with the increase of
modulus of elasticity (E) the dimensionless load
increases in the plastic zone (as evident from the
range ofw/wy, values) and the maximum variation
of dimensionless contact load is around 7%.

Fig. 10 shows the results of the dimensionless
contact area (A/d as a function of dimensionless
interference @«y) for full stick contact condition
when E/Y> 300. It is clear from the figure that the
dimensionless contact area increases slightly with
the increase of modulus of elasticity. Fig 11 shows
the dimensionless contact area (&/Aversus
dimensionless contact load (B/Ffor full stick
contact condition when E/Y > 300. It is seen from
the figure that when E/Y>300, the contact load-area
behavior for stick contact condition does not vary
much with modulus of elasticity.
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Figure 10. Dimensionless contact area versus
dimensionless interference for E/Y>300

It is observed from the previous discussions that
contact parameters are strongly affected by méteria
properties when E/Y ratio is less than 300. Now to
study the effect of modulus of elasticity and yield

Fig 8 presents the dimensionless contact aredtrength individually for E/Y<300, four materials

(AVA,) versus dimensionless contact load (Pfer

with different modulus of elasticity and yield

full stick contact condition when E/Y ratio is less Strength are chosen to yield the same E/Y ratio. Fo
than 300. It is observed from the figure that with this purpose, Ruthenium, Steel, Titanium alloy
the increase in E/Y ratio the material can support(ASTM grade-5) and Gold with different modulus
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of elasticity and yield strength are chosen and alldecreases with the increase in vyield strength.
these have the same E/Y ratio of 120. TheHowever this phenomenon is not so prominent for
properties of these materials are given in Table 2the materials with E/Y ratio greater than 300. The
Fig.12 shows the dimensionless contact area (A/Ac)contact parameters are strongly affected by the
versus dimensionless contact load (PAer full variation in ratio of elastic modulus to yield stggh
stick contact condition for these materials. It may when the ratio is less than 300. However keepiag th
be noted that the load-area behavior is identmal f ratio same, variation in individual values of madul
different materials having same E/Y ratio, even of elasticity and yield strength does not affeattaot
though their modulus of elasticity and vyield parameters significantly.

strengths are different. Du et al [37] considettesl t

effect of material properties on adhesive contéct o 1400
Ruthenium and Gold. They observed that both the 5
materials produced identical dimensionless contact%
load during loading but only differs during g 1000}
unloading. Thus the present simulation results are
in conformity with Du et al. [37]. £ 8o0f
3
Table 2. Material properties for four different cases § S0
Material E(GPa) | Y (GPa) E/Y S 00 -
Ruthenium | 410 342 | 120 £l S|
e EfY=380.952
Steefl 200 1.667 120 o . . . ~a- E/Y=33333
Titanium 8.”0)7 105 0.875 120 ° 5OODimen1s(i)c())r?Iess éi%(t)act nggo(P/Pcz)soo %000
Gold 80 067 120 Figure 11. Dimensionless contact load versus
] dimensionless contact area for E/Y>300
From reference [37]matweb.com
450 T T T T T
The present study considers the full stick contact — a0l "
condition for varying modulus of elasticity to ydel § ......... ’
strength ratios. However, there are other material <350 .

parameters like Poisson’s ratio, work hardening etc
that need to be considered. Also other contact
conditions like pure slip and stick-slip need to be
considered in future studies. The present study
assumes non-adhesive contact situation but &
realistic contact analysis should include the
presence of adhesion [38]. Future work will

consider such contact situations.
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5. CONCLUSION Figure 12. Dimensionless contact load versus
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The present work considers 2D axisymmetric finite with E/Y=120
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