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This study presents the development of a thermo-mechanical simulation model
for an elastic-plastic contact problem between a half cylinder and a plane plate.
The set of equations was solved using direct coupling method by ANSYS mechan-
ical. The results obtained from the present numerical model of the structural con-
tact without heat transfer are compared with those of analytical, experimental
and other numerical models. Then, the contact problem was solved using a cou-
pled thermo-mechanical model. Computational results showed significant effects
of thermal consideration in the elastic-plastic contact problem. Large defor-
mations of structure due to high temperature are predicted using the thermo-
mechanical model with elastic-plastic deformations. This model is useful to pre-
dict deformations on the structural components due to contact at high tempera-
ture situation.

Key words: thermo-mechanical, elastic-plastic model, finite element analyzis,
surface-surface contact

Introduction

The contact between parts is an important phenomenon in most mechanical designs,
such as electrical contacts, bolted connections, heat exchanger tubes in nuclear application,
data storage devices, micro- and nanoscale applications, machining, rollers and bearing, brake
disks, and other applications [1-9]. There are some researchers that studied the thermomecha-
nical contact between aluminum and steel for high temperature applications [10-12]. Among,
we cite the impact and the spreading out of the particles of aluminum on the steel substrate
during thermal spraying [13, 14], the study of the interface workpieces/tooling during the
aluminum extrusion [15], and other applications [16, 17].

The contact is a strong non-linearity due to the normal and the tangential stiffness at
the inter surfaces which changes significantly with the changing of contact status [18-21]. The
formulation named the Hertz’s contact between two bodies in the elastic state has been devel-
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oped, which effectively describes the relation of contact force-displacement in the case of
small deformation (contact strain less than 1%) [22]. However, the stresses of the contact may
lead to plastic deformation. Several researchers studied the problem of the mechanical contact
between two bodies in the elastic phase [23-28]. Due to the non-linearity of the material be-
havior with plastic deformations, the experimental methods and the numerical calculations are
used to determine the material deformation. In this situation, the correct characterization of
the mechanical behavior of the material is crucial. The detection of the curve of deformation
with exactitude requires the modeling of several parameters [29-36].

At high temperature applications, the heat transfer due to temperature variation has a
significant effect on the material properties [37, 38]. Thermomechanical contact was studied
with elastical behavior [24, 39]. Authors have analyzed the effects of high temperature and
high pressure on stress-strain distribution. On the other hand, Danouni et al. [40] studied a
thermo-elastoplastic model of the impact of a spherical particle in order to predict coating
formation during thermal spraying. A coupled mechanical and energy equations are solved us-
ing numerical methods. It is noticed that thermal effects have a crucial role in contact behav-
ior [41-43]. Instead of using a perfect concept of contact, authors have used the correlation of
thermal contact conductance (TCC) [42] to model the structural-thermal contact.

Problem statement

Based on authors’ knowledge, the previous researchers did not study a multiphysical
problem which treats a contact between two mechanical parts for elastoplastic behavior with
taking into account the heat transfer between them, and the influence of the temperature on its
mechanical characteristics. Consequently, it is important to study the correlation between elas-
to-plastic contact and thermal effects for high temperature applications. In this work, thermo-
mechanical analyzis in elasto-plastic regime using a coupled field strategy was performed.
First of all, a static contact between an aluminum half cylinder and a steel plate is considered.
In order to validate the model developed in this study, a comparison of present model with ex-
perimental and numerical results of Doca and Andrade Pires [32] was made. In this case, the
elastic-plastic contact of two bodies are treated without temperature variation and the effect of
TCC is not included. Then, an empirical formula of the TCC dependent of the pressure and the

temperature on the level of the contact was em-

F‘ ployed. The results are drawn for elasto-plastic

Ta domain to illustrate the importance of heat transfer

in contact problems which is useful to predict de-

formations on the structural components due to
contact at high temperature situation.

Mathematical modeling

A finite element method was employed in
this study for a non-linear elasto-plastic contact
problem. The numerical simulation tests were exe-
cuted by ANSYS parametric design language
(APDL). The physical domain is illustrated in
Figurel. The physical domain; F [N] is the fig. 1. The aluminum half cylinder has a radius of
applied force, TA and TB [K] are 20 mm, while the mild steel flat plate has the di-
temperatures of top surface of the half mensions of 60 X 20 mm and a thickness of 20

cylinder and the bottom surface of the plate, . .
rgspectively P mm. The vertical force, F, is exerted on the upper
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surface of the half cylinder. The TA and TB are temperatures of top surface of the half cylin-
der and the bottom surface of the plate, respectively. The material properties of these two bod-
ies are temperature dependent as tabulated in tab. 1.

Table 1. Material properties as function of temperature [3]

Young Tangent Yieldin Thermal Thermal
Properties modulus mo dulug [MPa] | stress [Ml%a] conductivity expansion 107°
[GPa] [Wm'K-!] [K]
Mild steel T[°C]| E T [°C] ET |TI[°C] T[°C]| K T [°C] a
density 21 |207.6 21 2076 21 248 21 64.8 21 11
p = 7800 kg/m? 93 1207.6 93 1964 93 238 93 | 63.31 93 11.5
Poisson 204 | 194 204 ... 204 | 224 | 204 | 55.38 204 12.2
coefficient 316 | 186 316 1860 316 | 200 | 316 | 49.99 316 13
v=10.303 427 | 169 427 1690 427 172 | 427 | 449 427 13.5
Cp =500 [Jkg'K'] | 538 | 117 538 538 145 | 538 | 39.81 538 14
Aluminum T[°C]| E T [°C] ET |TI[°C] T[°C]| K T [°C] a
density 20 | 69.3 21 345 20 | 178.5( 21 178 20 22.7
p=2700 kg/m? 100 | 65.6 93 100 93 [180.73 100 22.8
Poisson 200 | 59.2 204 103 200 | 142,5| 204 |185.16 200 23.5
coefficient 300 | 49.7 316 345 300 | 81.1 | 316 |188.52 300 24.7
v=10.35 400 | 30.2 427 15 400 | 25.3 | 427 |184.11 400 25.7
Cp =890 [Jkg'K~'] | 500 | 10.9 538 1.5 500 5.7 | 538 179 500 26.9

Hertizian model

An analytical model based on Hertz's theory is used to determine the analytical val-
ues of the width of the contact, b, and the maximum pressure, Pcmax. According to the theory
of elasticity [1], the values of b and Pcmax (the pressure located at center point, Pg) are calcu-

lated by:
b= |27 (1)
nlE

2F
P =" 2
0= 2

where F [N] is the applied force, | and d [mm] — the length and the diameter of the cylinder,
respectively, b [mm] — the contact radius, Py [MPa] — the maximum pressure located at center
point, and E” is the equivalent elastic modulus [1].

The pressure profile along contact line is assumed to be parabolic [1]:

X
p(x) =P, /1—&) 3)

Stress equilibrium equation can be simplified in 2-D:
oY)+ fi=0 ij=1,2 4)

Thermo-mechanical model

where ojj are cartesian component of stress tensor and fj — the external forces applied to the
system. The total strain tensor {&} is:
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{e} ={e%} +{eP} + (™} (5)

where {&°} is the elastic strain, {¢"} — the plastic strain, and {&"} — the thermal strain.

For small values of stresses, material is elastic. However, the plasticity occurs when
the material is loaded beyond its yield strength. Yield criterion (Von-Misses) determines
where yielding of material will occur, and it is expressed [44]:

¢:O-e _O-y (6)

where ¢ is the yield function, oy — the yield strength, and o — the effective stress.
The displacement of the yield surface is described by flow rule (plastic straining).
The yield surface depends on the increment of plastic strain [44]:

deP =/1{@} (7)

oo

where A is the plastic multiplicator which represents the plastic deformation magnitude.The
direction of plastic straining is expressed by the gradient of the plastic potential {0Q/0c}.

In this study, isotropic hardening behavior models are considered. A small strain de-
formation is assumed in this situation. Consistency states that, during hardening, stress should
always lie on the yield surface, which is given by the following condition [44]:

oF " oF b
sz{E} da+{a€PL} de” =0 (8)

The structural strains change the density of entropy, thus directly influence the inter-
nal energy of the structure. The density of entropy, S, is given by [44]:

S={a)l {o-}+p_|_—(;PAT ©)

where Ty is an absolute reference temperature, o — the thermal expansion coefficient, Cp — the
specific heat at constant stress, and p — the density. It is considered that all the processes ex-
erted on materials are reversible, and the second law of thermodynamics was applied.

The static thermal model given by the law of Fourier for the heat transfer by conduc-
tion, and integrated with the conservation energy equation (First law of thermodynamics):

VI (kVT)+G =0 (10)

where k and G are the thermal conductivity and the heat source, respectively.
The contact heat transfer between the half cylinder and the plate is predicted by [40]:

Gr =TCC(Tc =Ty) (11)

where (r is the density of heat flux, Tc — the contact temperature, and T; — the target tempera-
ture. In this work, an emperical correlation based on an Hertzian theory to calculate the TCC
is used [40]:

*

0.94
TCC=1.95 Fe (12)
o, \E

T
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where ks is the equivalent thermal conductivity of the contact 2kiko/(ki + kz). The surface
roughness is estimated by or. The contact pressure Pc is set to be (2/3)Po, where Py is calcu-
lated from eq. (2). The E* is obtained for the temperature Tc. The TCC values as a function of
Tc and Pc are given in tab. 2.

Table 2. Calculated TCC values for al-steel contact obtained from eq. (12)

Tc [°C]

P [Pa] 20 100 200 300 400 500
1 1.35-107%2 1.38-107% 1.39-10°% 1.49-10°92 2.04:10° | 4.4912-10°2
1.00-10°! 1.17-10°° 1.20-10°% 1.21-10°% 1.30-10°°! 1.78-10°°! 3.9116:107

1.00-10°2 1.02-10% 1.05-10% 1.05-10% 1.13-10% 1.55-10% 3.4069-10%

1.00-10% 8.91-10% 9.10-10% 9.18-10% 9.85-10% 1.35-10 2.9700-10%

1.00-10% 6.08-10°! 7.93-10° 8.00-10°! 8.58-10°! 1.17-10% 2.5800-10%

1.00-10% 6.76-10 6.90-10% 6.97-10% 7.47-100 1.02-10% 2.2509-10%

1.00-100 5.89-10% 6.01-10% 6.07-10% 6.51-10% 8.91-10% 1.9605-10%

1.00-10% 5.13-10% 5.24-10% 5.28-10% 5.67-10% 7.76-10% 1.7075-10%

1.00-10%8 4.47-10% 4.56-10% 4.60-10% 4.94-10% 6.76-10% 1.4872-10%

1.00-10%° 3.89-10% 3.97-10% 4.01-10% 4.30-10% 5.88-10% 1.2953-10%7

1.00-10'° 3.39-10%7 3.46-10% 3.49-10% 3.74-10%7 5.12-10%7 1.1281-10%

Coupled finite element method

The mesh of the geometry used in this work is illustrated in fig. 2. Plane 223 ele-
ment type of ANSYS is used to analyze a coupled thermal-structural problem. The contact
was modeled using two elements (Contal72 and Targe 169) called surface to surface elements
[45]. All nodes of the lower surface of plate are fixed.

A mesh independence study was done, in
which, we calculated the pressure and the width
of the contact for different meshes. An optimal
mesh is obtained, which a better precision with a
reduced computation time. The mesh applied to
the geometry used in this work is composed of
10770 elements and 36613 nodes.

Plane 223 also includes thermoplastic effect
whereby some of the plastic work are converted
to heat which results in temperature increment. In
this problem, the heat equation and stress equa-
tion of motion are also coupled by the plastic heat
density rate, QP given by [45]: Figure 2. Mesh of the physical domain
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Q" =" (13)

where y is a ratio of plastic work and W P dissipated to heat. The plastic work is given by:
b o
W" ={o} {g } (12)

An iterative method with direct coupling was used whereby the temperature field
and displacements can be obtained using the following solution [45]:

[k] [K"] {{u}}z {F}
o) [k]]LT] [{Qt+{e}

The element matrix [K] represents the stiffness effect. The force {F} represents the
nodal force in the element, while [kt] is the diffusion conductivity matrix element. The ele-
ment matrix [Kut] takes into account the thermos-elastic stiffness effect. The element vector
{Q} represents the effect of the heat generation and convection heat flow. Finally, {Q"} is the
element plastic heat generation rate load.

(15)

Results and discussion

To validate the numerical model developed in this study, a comparison is made be-
tween the analytical solutions and results obtained by Doca and Andrade Pires [32]. The com-
parisons are done first, in the elastic strain state, then, in the plastic strain state. After that, re-
sults using a thermo-mechanical model were obtained for the elastic-plastic behavior which
included the effects of the temperature using the TCC parameter on the contact.

Numerical model validation

The results of an aluminum (half cylinder) in contact with tungsten plate during the
elastic stage were investigated [27]. Three values of force were used in this study: 0.1 kN,
0.2 kN, and 0.3 kN. First, results obtained for the contact width, tab. 3 showed a good agree-
ment with the analytical model and Doca and Andrade Pires [32]. The analytical results are
obtained by Hertz model using egs. (1) and (2).

Table 3. Results in elastic domain

b [mm] Pcmax [MPa]
Fn [KN] Analvt Experimental | Numerical | Present Analvt Experimental | Numerical | Present
aly [32] [32] model aly [32] [32] model
0.1 0.042 0.043 0.041 0.042 75.45 75.69 76.00 71.5
0.2 0.059 0.061 0.066 0.063 106.70 107.12 107.77 101.18
0.3 0.073 0.074 0.078 0.076 130.68 133.33 131.58 124

However, for the contact pressure results, there is a difference between the present
numerical model developed in this study and theoretical models. This difference is due to the
fact that, the analytical model assumes a parabolic curve, eq. (3), with maximum value P,.
Doca and Andrade Pires [32] used the same equation, eq. (3), where Py is calculated by F/AC
(AC is the area of the zone of the contact). However, the curve of contact pressure obtained by
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finite element method in the model developed =~ -o- Analytical 0.1KN s~ Present model 0.1 KN
in this study is not parabolic which seems to be 7~ 2:::;::2:: oy Present moce 0.2 K
more realistic. The maximum point, Pcmax, 1S : '
situated exactly at the center point as illustrated
in fig. 3. The value of maximum pressure is
function of applied force. In addition, it can be
noticed that, the increase of the applied force
causes the increase of the contact pressure.

The Hertizian method was not used for the
mode of plastic strain because it does not yield
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model obtained in this study was compared to \ \

the experimental results presented by Doca and 0 . .
. 0 20 40 60 80

Andrade Pires [32]. Contact with 103 [mm]

The maximum contact pressure from the
experimental works done by Doca and Andrade Figure 3. Contact pressure along
Pires [32] was compared to the model developed Nalf-contact width
in this study, fig. 4. The maximum pressure in
experimental was calculated using eq. (2), assuming a parabolic curve [32]. However, this is
true for the elastic domain (Hertz model). For the plastic domain, the maximum contact pressure
do not follow a parabolic curve as presented in fig. 5. The contact pressure increases until the
body reaches the plastic state. In this situation, the energy was dissipated in the plastic regime.
The curve is practically parabolic for the low applied forces and becomes flattened for the high
applied forces. The shape of the contact pressure indicates the function of the applied force as
compared to the analytical solution which adopted an unfounded parabolic shape for all cases.
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Figure 4. Miso model for elastic-plastic behavior; Figure 5. Contact pressure along
(a) multilinear stress-strain curves and half-contact width

(b) maximum contact pressure

FElastic-plastic thermomechanical simulation

A thermomechanical model, which considers the thermal effects during the defor-
mation, is employed to model the elastic-plastic contact for the case of TA = 125 °C and
TB =25 °C. Figure 6 shows the temperature contours for two applied forces. From fig. 6, it
can be seen that the heat transfer is proportional to the contact width, which is dependent on
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the force applied. The heat transfer was improved with the increase of applied forces. Plastic
strain contours are illustrated in fig. 7. The plastic strain on the cylinder starts at the contact
zone. The affected zone increases with the increase of the applied force.
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Figure 6. Temperature of elastic-plastic contact of temperature gradient for TA = 125 °C
and TB=25°C
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Figure 7. Plastic strain of elastic-plastic contact for TA =125°C and TB =25 °C

In this situation, the contact pressure increases with the increase of applied force af-
ter 1 kN. The maximum contact pressure remained constant for the remaining forces. Howev-
er, the contact width increases with the increase of the applied force. Figure 8(a) shows the
variation of the contact pressure as a function of the contact width. It can be seen that, when
the applied force exceeds 10 kN, the contact pressure reached a constant maximum value. The
increase of contact width is almost linear to the applied force, fig. 8(b).

In order to analyze the effect of the temperature on the contact state, a different
boundary of temperature, TA and a fixed value of TB (25 °C) were adopted. The force of
10 kN was applied. It can be seen that, variation of TA has a great effect on contact behavior
as shown in fig. 9. Besides, the contact width has a significant effect on the heat transfer and
increases with the increase of TA. This effect is also obvious on plastic strain contours,
fig. 10.
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Figure 8. Thermomechanical elastic-plastic for TA = 125 °C and TB = 25 °C; (a) variation of contact
pressure along half-contact and (b) contact width vs. applied force
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Figure 9. Temperature contours with different temperature gradients and F = 10 kN

Furthermore, fig. 11 presents the variation of other contact parameters with TA vari-
ation. The contact pressure decreases with the increase of the temperature TA, fig. 11(a). This
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is due to the fact that an aluminum cylinder reaches the plastic regime faster with higher tem-
perature as compared to the lower temperature. In addition, the variation of contact width is
presented in fig. 11(b). The contact width increases with the increase of TA especially for high
temperature situations.
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Figure 10. Plastic strain contours with different temperature gradients and F = 10 kN
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Figure 11. Thermomechanical elastic-plastic contact for TB = 25 °C and different TA with F = 10 kN;
(a) variation of contact pressure along half-contact and (b) contact width vs. TA
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Conclusion

In this study, a thermomechanical model has been improved to investigate the ther-
mal effect on the contact with elastic-plastic behavior. A coupled finite element formulation
was employed using ANSYS code. Firstly, the model was compared to other works done by
previous researchers on elastic-plastic contact problem with thermal effects. At the beginning,
an elastic-plastic contact problem without thermal effects was compared to other works done
by previous researchers. Secondly, this model was compared with an elastic-plastic contact
problem with thermal effects, which solves thermomechanical equations using a TCC func-
tion of temperature and contact pressure, and a coupled finite element of ANSYS PLANE
223, when all the thermal and mechanical parameters of the material depend of the tempera-
ture. Next, the effects of different applied forces and different temperature of the aluminum
cylinder were analyzed. It has been found that, the high-applied forces influence the im-
provement of the heat transfer between the two bodies in contact. Besides, there is a great var-
iation in contact features due to the variation of material properties resulting from heat trans-
fer in the aluminum cylinder. As a result, the cylinder is subjected to a high deformation.

Finally, the addition of the phase changes in this thermomechanical model can be
addressed in future work.
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Nomenclature

b — width (radius) of the contact, [m] Po —pressure located at center point, [Pa]

E* — equivalent elastic modulus, [Pa] TA - temperature of the plate at the top surface, [K]
F  —force, [N] TB - temperature of the plate at bottom surface, [K]
P —pressure, [Pa] Tc - contact temperature, [K]

Pc  — contact pressure, [Pa] TCC — thermal contact conductance, [Wm=2k™!]
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