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Abstract— One of the major difficulties of the use of power 
automotive connectors is the increase of their electrical contact 
resistance in the running time. This paper attempts to fill this gap and 
discloses the minimisation of the transient electrical contact 
resistance and contact temperature by the experimental and 
numerical means. The tested contact samples have the sphere/plane 
contact shape in order to simulate the real contact in the power 
automotive connectors and were made with high copper alloys. 
These contact samples were submitted to high current (100 A) and 
different contact forces (50 and 100 N). Experimental results showed 
that the lower transient values of electrical contact resistance and 
contact temperature correspond to the contact sample made with 
copper alloy C19210 and which is submitted to the highest contact 
force (100 N). In order to more minimize the electrical contact 
resistance of the contact sample made of copper alloy C19210, finite 
element models were developed with one contact point and with 
multipoint contacts using a commercial code. Deformation of contact 
surfaces, numerical transient values of contact resistance and contact 
temperature were calculated basing to the indirect coupling program 
which is developed by an APDL language. This program can make 
the coupling between the mechanical and thermoelectric fields and 
takes into account the elasto-plastic behaviour of the material 
C19210 which is identified by tensile tests. Results showed that the 
sample with multipoint contact presents a transient values of contact 
resistance and contact temperature lower than the ones obtained with 
one contact point, also the maximum mechanical Von Mises stress 
obtained for the model with multipoint contacts is not only lower 
than the yield stress of the material C19210 but also lower than the 
one obtained for one contact point. Therefore, the gain for the model 
with multipoint contacts was triple.                  
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I. INTRODUCTION 

 
N last years, several electrical systems are installed in 
modern cars in order to satisfy the needs of comfort, 
security, performance and to reduce the fuel consumption. 

Consequently, the demand in electrical power increases. For 
example, the necessary electrical power for the hybrid car is 
higher then 10 kW, while for the electric car is near to 60 kW.  
To satisfy this growing demand for electrical power in modern 
car generations, the 14 V battery has to be extended to 42 V. 
Because of the difficulties of implementing a new 42 V 
system, the present tendency is to increase current levels at 14 
V up to 100 A. This fort current is the origin of the intense 
Joule heating in the contact surface of the connector and can 
contribute to many problems such as softening or even 
melting of the conducting areas [1], which requires the 
conception of new power connectors and minimization of 
electrical contact resistance and contact temperature for the 
high currents. Moreover, high currents need lower electrical 
contact resistance Rc < 1 mTherefore, the objective of this 
study is to carry out using the experimental tests and the finite 
element analysis in order to minimize the contact resistance, 
contact temperature and mechanical stress of contact sample 
with sphere/plane contact geometry and under indentation 
loading. The sphere/plane contact geometry represents the 
contact in real connector. The study of electrical contact 
resistance under indentation, insertion and fretting tests for 
contact samples made of many recent high-copper alloys has 
been investigated by Beloufa in many papers [2]-[4]. Beloufa 
has shown that the material which presents the minimum 
electrical contact resistance is the copper alloy C19210. For 
this reason, the material used in our study is the copper alloy 
C19210. In order to minimize electrical contact resistance and 
contact temperature, a finite element models with one contact 
point and five contact points were developed with the help of 
commercial code Ansys [5], basing to the indirect coupling 
method with the mechanical and thermo-electrical fields. 
Much work has been carried out to study the optimisation of 
shape and strain-stress of different mechanical structures 
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using the finite element method. Reference [6] has optimized 
by FEM analysis the weight of car rim. It has calculated the 
equivalent stresses within the rim body for different 
thicknesses utilizing an elasto-plastic law in order to select the 
low thickness with a maximum equivalent stress lower than 
the yield stress. An integrated approach for three dimensional 
3D shape optimal design using -spline surface 
representation, genetic algorithms and mesh parameterization 
has been presented in [7]-[10]. Various papers have been 
devoted to study the optimization of shape and mechanical 
stress of structure with taken into account the contact 
conditions [11]-[13] and in the case of structure associated 
with mechanical, electrical and thermal fields [14]-[16]. 
However, to the best of the author knowledge, there is no 
paper in the open literature on the minimization of contact 
resistance, contact temperature and mechanical stress without 
changing the weight of contact samples. So, the present paper 
attempts to fill this gap.     

II. CONTACT GEOMETRY 

 
The U-shaped samples (Fig. 1) were made with a sheet of 

20 mm in width, using the stamping and bending processing 
technique. The two parts of the sample (plane part or lower 
part and the sphere part or upper part with one contact point 
and with five contact points) are of the same thickness, i.e. e = 
0.7 mm. The radius of the sphere segment of each contact 
point is r = 3.6 mm (Fig. 1). It has been demonstrated by [17] 
that the contact resistance for sphere/plane contact was lower 
than that for the cylindrical/plane contact. Therefore, the U-
shaped samples used in our study have a contact shape with a 
spherical segment.  

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 U-shaped samples. 

III. EXPERIMENTAL BENCH 

Fig. 2 illustrates an experimental bench for the measurement 
of electrical contact resistance and contact temperature during 
indentation test and time. The two parts of the contact 
specimen made of high copper alloys were fixed in the Teflon 
insulator supports. The measurements were carried out with 
an applied electrical current 100 A and with an applied contact 
forces range of 50 and 100 N. A DC power supply with 
maximal output rating of 10 V*600 A was used to apply the 
previous current with an open circuit voltage of 2 V. The 
cable section used to transmit electric current is 38 mm2. 

A micro-voltmeter with 1 V resolution was used to measure 
the voltage drop when passing a DC current through the 
contacts and then to deduct the contact resistance. Contact 
resistance determinations were made using a DC four wire dry 
circuit technique [18]. The upper sample, or the spherical 
sample, was fixed while the plane sample was submitted to a 
vertical displacement with the help of micrometric table; this 
displacement is the origin of the applied constant contact force 
Fc. This micrometric table was driven by a DC stepping motor 
through a micrometer screw with a precision of 1 µm and was 
controlled by a motion controller. The contact force was 
measured by a force sensor which was connected to a 
voltmeter through a conditioner (Fig. 2).  
Thermocouples with high response time (J type) were used 
during the test to measure the temperature variation near to the 
contact zone and in the extremity of the sample (Fig. 2). The 
temperature data were collected using a voltmeter through a 
conditioner. For security reasons, the test will be stopped 
when the contact temperature exceeds 55° C.  
Three specimens were used for each test. The laboratory air 
temperature ranged from 20 to 25° C with 40-50 percent 
relative humidity. Contact resistance and contact temperature 
data were collected by personal computer through GPIB 
general purpose interface bus IEEE-488. Before each 
experiment, the sample surfaces were wiped with an 
antioxidant paste and then the samples were cleaned in an 
ultrasonic alcohol bath, dried with a wiper paper and carefully 
mounted in the experimental bench.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 2 Experimental bench for measuring contact resistance and 
contact temperature under contact forces (50 and 100 N) and applied 

current (100 A). 
 

Contact resistance and contact temperature measurements 
were carried out on contact samples made of different recent 
high-copper alloys which present different mechanical and 
thermo-electrical properties. Fig. 3 shows the thermal 
conductivity (left axis) and the electrical resistivity (right axis) 
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for the different tested materials. The pure copper C10100 is 
more thermally and electrically conductor than the material 
C70250 which is less thermally and electrically conductor but 
is the most mechanical resistant in comparison to the all others 
materials (Fig. 3). For example, the yield stress for the pure 
copper C10100 is equal to 200 MPa and is less then the yield 
stress for the material C70250 which is equal to 514 MPa.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3 Thermal conductivity and electrical resistivity values of the 

tested high-copper alloys. 
      
The measurements objective of contact resistance and contact 
temperature is to select the best material which presents a 
lower electrical contact resistance and contact temperature and 
combines also good mechanical properties. 
Fig. 4 (a) and (b) present the values of the measured contact 
temperature and electrical contact resistance for the all tested 
materials. These values were taken after 1500 seconds of an 
applied current of 100 A and an applied contact forces of 50 N 
(Fig. 4 (a)) and 100 N (Fig. 4 (b)).   
As is shown in the Fig. 4 (a) and (b), the material which 
presents the low contact temperature and contact resistance is 
the pure copper but has a very weak value of yield stress (200 
MPa) which makes this material less resistant to the 
mechanical efforts. Therefore, the choice is carried on the next 
material C19210 which presents contact resistance and contact 
temperature values near to the ones obtained for the pure 
copper C10100 but this material C19210 has another 
advantage is that its yield stress (322 MPa) is higher than for 
the material C10100.  
As mentioned in the introduction of this paper, the aim of this 
study is to minimize contact resistance and contact 
temperature of contact sample under an applied current of 100 
A. One can see in the Fig. 4 (b) that when a contact force 
Fc=100 N is applied, the contact resistance and contact 
temperature are lower for all the tested materials than the ones 
obtained for an applied contact force Fc=50 N (Fig. 4 (a)). For 
our selected material C19210, the contact resistance is equal 
to 0.067 m when a contact force Fc=100 N is applied and the 
contact temperature is equal to 42.45 °C. Indeed, the contact 
resistance Rc and the contact temperature Tc vary inversely to 
the contact force Fc and thus the contact area. This is verified 
by the Holm law [19] Rc= RSV /2d where RSV is the electrical 

resistivity of the material and d is the radius of the contact 
area.  
So, the next study discloses the minimization by the finite 
element analysis of the transient contact resistance and the 
contact temperature obtained previously of contact samples 
made of C19210 high-copper alloys, and with an applied 
contact force of 100 N and an applied current of 100 A. 
Mechanical and thermo-electrical properties are given in the 
following section.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 4 Contact temperature and contact resistance for all the tested 
material at 1500 seconds (a) Fc=50 N, I=100 A (b) Fc=100 N, I=100 

A. 

IV. MECHANICAL AND THERMOELECTRICAL PROPERTIES OF 

THE SELECTED MATERIAL C19210 

 
The selected material C19210 of the two contact samples 

combines good mechanical and thermo-electrical properties. 
Table I and Table II show respectively thermo-electrical and 
mechanical properties of this copper alloys. The conductivity 
of the pure copper 5.95 107 Siemens/m and is defined to be 
100 % IACS at 20°C. The electrical conductivity for the 
C19210 material is 91 % IACS. [20] and [21]. 
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TABLE I   
THERMAL AND ELECTRICAL CHARACTERISTICS FOR THE USED COPPER ALLOY 

C19210 

 
 TAVLE II 

MECHANIICAL CHARACTERISTICS FOR THE USED COPPER ALLOY C19210 

 
 The elasto-plastic behaviour law for this material was 

identified by the tensile tests; this law will be implemented in 
the finite element code in order to simulate the mechanical 
behaviour of contact samples under indentation loading. 
Tensile test was carried out with specimens made of high-
copper alloy C19210 and standardized according to the 
European Standard NF EN 10002-1.  
Fig. 5 (a) depicts the dimensions of the used standard tensile 
specimen where:  
l0  is the initial length of tensile test specimen, l0 is calculated 
by the following formula : 

00 65.5 Sl   , baS .0                               (1) 

0S  is the rectangular section of specimen, a is the depth of 

specimen and b is the width of specimen. In this study, a is 
equal to 2 mm, b is equal to 5 mm and l0  is equal to 17.86 mm 
(Fig. 5 (a)).  Fig. 5 (b) shows at the end of the tensile test, the 
tensile specimen fractured and mounted on the clamping jaws 
of the tensile tester. 
 
 
 
 
 
 
 
 
 
 

  
Fig. 5 Tensile testing (a) dimensions of the standard specimen and 

(b) fractured specimen after tensile test. 
 

Fig. 6 presents the plotted elasto-plastic curve (stress versus 
strain) for the high-copper alloy C19210. The tests were 
carried out with a speed of 3.3 10-2 mm/s and with a strain rate 


  of 1.8 10-3 s-1. The elasto-plastic law contains two parts, an 
elastic part and a plastic part. The elastic part is characterized 

by the Young modulus E, the yield stress e  (taken at 0.2 % 

offset strain) and the Poisson coefficient   which is equal to 
0.33.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Elasto-plastic behaviour law for high-copper alloy C19210. 
The plastic part can be characterized by the Hollomon law 
[22]: 

n
TK                                                 (2) 

peT                                (3) 

  is the mechanical stress, T , e  and p  are the total 

strain, the elastic strain and the plastic strain, respectively. 
Constant parameters n and K are the strain hardening 
exponent and the strength coefficient, respectively. n and K 
are calculated by an automatic fit curve based on a nonlinear 
regression and a power law with 2 parameters and are equal 
respectively to 0.026 and 417 MPa. From (2), an expression 
for n value can be derived:  







d

d
n                               (4) 

V. TRANSIENT THERMAL AND ELECTRICAL ANALYSIS BY 

FINITE ELEMENT 

For three dimensional transient heat transfer, the 
temperature distribution T(x,y,z,t) at each point on the contact 
samples and function of time t is calculated by solving in 
Cartesian coordinates the following heat conduction 
governing differential equation:   
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      (5) 

For isotropic material, (5) can be simplified to: 
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where k denotes the thermal conductivity in W/mK, pC  is the 

specific heat in J/kg K and   is the density of the material in 

kg/m3.   is a material property called thermal diffusivity in 
m2/s, defined as follows: 

pC

k

 
                                                 (7) 

T is the temperature that varies with the coordinates x, y and z 

as well as the time t. 
...

q  is the Joule heat generation rate per 

unit volume (W/m3), this heating occurs in a conductor 
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carrying an electric current and can be calculated by the 
following equation: 

Vo

RI
q

2...

                                                (8) 

where R is the sum of electrical contact resistance and 
electrical resistance of the two contact samples in  , I is the 
electric current in Ampere’s, Vo is the volume of structure in 
m3. Using the Fourier’s law, the heat conduction fluxes can be 
written in the x, y and z directions as follows:  

x

T
kqx 


  

y

T
kq y 


                                             (9) 

z

T
kqz 


  

The heat exchange with the outside is described by the 
Newton's law of cooling for surface heat transfer by 
convection; this law is expressed as follows: 

)(  TThq sc
                                        (10) 

where cq is the dissipated heat flux in W/m2, h is the 

convective heat transfer coefficient of the ambient air in 

W/m2K, sT  is the unknown surface temperature of contact 

samples and T is the ambient temperature. 

Analytical solution methods of (5) are limited to highly 
simplified problems in simple geometries. Numerical methods 
such as the finite element method permits to solve the 
differential equation (5) for any complex geometry subjected 
to any kind of thermal and electrical conditions. 
Finite element formulation corresponding to the transient heat 
conduction governing differential equation (5) can be derived 
using the variational method; it is given by the following 
equation:  

      QTKTC thth 





 

                                  (11) 

where  thC  is the thermal specific heat matrix function of 

the specific heat pC  and the density of the material  , the 

capacitance matrix  thC  is calculated for an element (e) by 

the following equation: 
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)(eS  and )(eV  represent the surfaces and the volume of the 

element (e) respectively, i is the number of nodes.  
   ),,,( tzyxTT   is the spatial and temporal vector of 

temperature. 
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i   is the nodal temperature of the element (e) 

which depends to the time t. 
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th KKK   is the thermal matrix and is the sum of 

the diffusion conductivity matrix and the convection surface 
conductivity matrix respectively, it is calculated for an 
element (e) by the following equation, as in [5] and [23]: 
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D , thermal conductivity matrix that 

depends to the temperature T.  

 Q  presents the heat flow which is composed in our study of 

the heat convection flow  hQ  and the Joule heat generation 

flow  QQ  with unit W. The heat flow for an element (e) is 

calculated as:  
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For the electrical behaviour, differential equation for electric 
scalar potential V is given as: 
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RSV  presents the electrical resistivity of the material.  
The application of the variational principle and finite element 
discretization to the differential equation (16) produces for an 
element (e) the following system of equation: 
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 )(e
iI  is the nodal electric current,  )(e

iV  is the nodal voltage 

and  )(evK  is the electrical conductivity coefficient matrix and 

is calculated by the following formula, as in [5] and [24]:  
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The electric scalar potential V is approximated over the 
element as follows: 
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 )(e
iV  depends to the time t,  because  )(e

iV  depends to the 

temperature T  in which depends on the time t.  

VI. FINITE ELEMENT MODELLING  

Finite element models were developed with the finite 
element Multiphysics code (Ansys) [5] in order to calculate the 
transient numerical values of contact resistance and contact 
temperature under indentation loading in the cases of one 
contact point and five contact points. The finite element 
calculation was run on a computer with Genuine Intel (R) 
Dual Core processor with a speed of 1.6 GHz and 2 Go of 
RAM. 

A.  Indirect coupling method    

Deformation of contact surface under applied contact forces, 
numerical contact resistance and contact temperature values 
were calculated basing to the indirect coupling program. This 
developed program is written in a macro file by a scripting 
language called Ansys Parametric Design Language (APDL) 
in order to automate the coupling between the mechanical and 
thermo-electrical fields. Using APDL interface it is possible to 
pass commands to the commercial software package, such as 
modelling the structure, meshing the model, applying the 
boundary conditions on the model, solving the problem, 
saving the deformed structure and changing element types and 
boundary conditions. Fig. 4 shows the algorithm for solving 
the thermoelectro-mechanical problem using the indirect 
coupling method.  

The indirect coupling method (Fig. 7) begins by importing 
in the finite element pre-processor the geometric model of the 
two contact samples created by the CAD software Catia 
V5R19. The material properties of the two contact samples are 
then specified. In order to study the mechanical behaviour of 
contact samples under indentation loading, the previous 
geometric model is meshed with tetrahedral structural solid 
elements (Solid187-3D-10 nodes) with degrees of freedom: 
displacements Ux, Uy and Uz according to the three axes X, 
Y and Z respectively (Fig. 8) and with the capability to take 
into account the plasticity of material. Then, a mechanical 
boundary and contact conditions are applied to this meshing 
model and a nonlinear static analysis type is performed for 
solution in which large strain effects are included. A time 
associated to the applied boundary conditions of 10-3 is 
specified for the end of load step and an initial integration 
time step size of 10-6 is defined. After a calculus time central 
processing unit (CPU) of 1 hour and 7 minutes for the model 
with one contact point and 5 hours and 13 minutes for the 
model with five contact points, the deformed structure is 
saved and the mechanical elements (Solid187-3D-10 nodes) 
are replaced by the coupled field solid elements (Solid227-
3D-10 nodes) with degrees of freedom: temperature and 
voltage (Fig. 7). Then, a thermo-electrical boundary and 
contact conditions are applied to this deformed structure; these 
will be explained more in detail in the next paragraphs. A full 
transient analysis with stepped loading is performed for this 
thermo-electrical analysis. The numerical values of electrical 
contact resistance and contact temperature are calculated 
during a time of 1500 seconds with an initial integration time 

step size of 20 seconds. The thermo-electrical analysis was 
finished after a time CPU of 53 minutes for the model with 
one contact point and 2 hours and 30 minutes for the model 
with five contact points; then the thermo-electrical results as 
function of time are extracted from the post-processor of the 
software.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7 Algorithm for solving thermoelectro-mechanical problem 

using the indirect coupling method. 

B. Finite element meshing 

Due to the symmetry of the loading or boundary conditions, 
materials and geometry, only a quarter of the contact samples 
is meshed in order to reduce modelling efforts, computational 
cost and CPU time. Fig. 8 gives the adopted meshes for the 
contact sample with spherical and plane parts. Tetrahedral 
structural solid h-element type with ten nodes is used to mesh 
the structure. This element is characterized by quadratic 
interpolation functions within the element and is used in order 
to increase the accuracy of finite element findings. A free 
meshing type is used to mesh the model. The model with one 
contact point is meshed with 28783 elements and 52364 nodes 
while the model with five contact points is meshed with 43471 
elements and 79380 nodes. The size of the used element is 0.4 

Mechanical boundary and contact 
conditions are applied. 

Mechanical analysis (solve the problem). 

Deformed geometry is saved.  

Meshing the new deformed structure with thermo-
electrical elements Solid227. 

Thermo-electrical boundary and contact 
conditions are applied. 

Thermo-electrical analysis (solve 
the problem). 

Post processing 
- Review results of contact resistance 

and contact temperature values. 

Begin 

End  

Pre processing  
- Geometry. 
- Material data. 
- Meshing the structure with 

mechanical elements Solid187.
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mm of edge length. Using the h-refinement method, the 
contact zones are refined in order to get better results. It can 
be seen that the result was identical even if we use a mesh 
with element edge length lower than 0.4 mm.  

C. Boundary conditions    

The detailed coupled thermal, electrical and mechanical 
boundary conditions are shown in Fig. 8. For mechanical 
boundary conditions, a pressure corresponding to a contact 
force Fc of 100 N is applied to the upper surface of the 
spherical contact part (Fig. 8); the lower surface of the plane 
part is embedded and the displacements Ux, Uy and Uz 
according respectively to the three axes X, Y and Z of 
coordinate system are null. Due to the symmetric 
configuration of the contact samples, symmetry boundary 
conditions are applied on the symmetric surfaces of contact 
samples. So, a displacement constraint Uz = 0 is applied on 
the two parallel surfaces to the plane XY, and a displacement 
constraint Ux = 0 is applied on the two parallel surfaces to the 
plane YZ (see Fig. 8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 8 Thermal, electrical and mechanical boundary conditions. 
 
For thermo-electrical boundary conditions, the upper extreme 
surface of the spherical part is submitted to a quarter of total 
electric current I which is equal to 100 A. The calculated 
voltage values of nodes set attached to this surface are forced 
to be the same during analysis for each time step. For this 

reason, a coupled voltage is applied to this extreme surface 
(Fig. 8). Zero voltage is applied to the lower extreme surface 
of the plane part. 
To solve numerically the heat conduction equation, an 
appropriate boundary and initial conditions will be stated:  
1) In the first condition, temperature function of time should 
be applied in the two extreme surfaces of the two contact 
samples, this temperature was obtained previously with the 
help of experimental test by Beloufa [17] (Fig. 8).   
2) Second condition: The two parts of contact sample were 
fixed in experimental bench on the Teflon insulator supports. 
Therefore, zero heat fluxes are applied to the sample surfaces 
which are in contact with this insulator (Fig. 8). This second 
condition can be formulated mathematically as follows: 

0 zyx qqq                                      (20) 

3) Third condition: In order to take into account the heat 
exchange with the outside, natural air convection with a film 
coefficient of 5 W/m2K [25] and an air temperature of 22°C is 
applied to the sample surfaces exposed to the air.  
This third condition is verified at any point (x,y,z) and at any 
instant t, it can be formulated mathematically as in [26] and 
[27]: 

czyx qqqq                                        (21) 

Substituting (9) and (10) into (21), the following equation can 
be obtained: 
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k s

                 (22) 

4) For the fourth condition, the initial temperature distribution 
in the contact samples at the initial time t = 0 should be 
specified before analysis: T(x, y, z, 0) = T0 = 22°C. 

D. Material behaviour 

To perform a mechanical analysis, nonlinear elasto-plastic 
law (stress versus strain) presented in Fig. 6 is used to 
simulate the material behaviour of high-copper alloy C19210 
under indentation loading. This law is implemented as a 
multilinear stress-strain curve starting at the origin with 
positive stress and strain values. The Von Mises yield criteria 
of plasticity with the associated isotropic work hardening is 
used to determine the stress level at which the material will 
develop plastic strain. To perform a thermo-electrical analysis 
and to take into account Joule heating effects, electrical 
resistivity RSV and thermal conductivity k must be defined; 
these two material properties are temperature-dependant. For 
example, the electrical resistivity RSV (T) and thermal 
conductivity k(T) for the C19210 copper alloy are given by the 
following equations [25]: 
RSV (T) = 1.41 10-26 T 2 + 7.58 10-11T + 1.71 10-8 (m23) 
k(T) = 3.46 10-17 T 2 – 0.07 T  + 352 (W/mK)              (24) 
Mass density   and specific heat 

pC  may be defined to take 

into account thermal transient effects. 

E. Contact conditions 

1) Mechanical contact conditions 
Contact surfaces of contact samples are meshed with a total 

of 411 surface to surface contact elements for the model with 
one contact point and 2027 surface to surface contact elements 

Insulator (heat 
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for the model with five contact points. The surface-to-surface 
contact model is used when contact zones are not known 
accurately and a significant amount of sliding is expected. In 
this model, one of the surfaces is called the contact surface 
and the other, the target surface. These two surfaces are 
considered deformable. Contact elements with triangular 
geometry located on the surfaces of 3D tetrahedral solid 
elements (Conta174-6 nodes) are used to mesh the spherical 
contact surface; target elements with triangular geometry 
located on the surfaces of 3D tetrahedral solid elements 
(Targe170-6 nodes) are used to mesh the plane contact 
surface.  
For mechanical analysis, a friction coefficient   equal to 0.2 

is specified between the two contact surfaces in order to 
calculate the friction or shear stress   using the following 
Coulomb friction model:  
If P     state is known as sticking                        (25) 

   P      state is known as sliding 

where P is the contact pressure. Sliding will occur if the 
friction stress   reaches a defined maximum friction stress 
which is equal to 1020 MPa. The contact algorithm used is the 
augmented Lagrangian method which is an iterative series of 
penalty methods updates to find the Lagrange multipliers and 
it can be considered as a generalization of the Lagrange 
multiplier method. Contact elements use Gauss integration 
points as a contact detection points. The initial penetration and 
initial gap between contact elements are excluded. Any 
existing gap between contact elements is closed during 
analysis. To achieve the convergence of contact problems, the 
initial time step size must be small enough to capture the 
proper contact zone. As mentioned in the paragraph A, an 
initial time step size of 10-6 has been defined for solution of 
contact problem.  

2) Thermal and electrical contact conditions 
In the case of contact between solids, it is assumed that there 

is no temperature jump at the interface, i.e., the temperatures 
of the contacting surfaces are equal and there is a continuity of 
temperature and conservation of energy at the interface.  
The heat flux Q between two contacting surfaces can be 
decomposed into two parts: 

ET QQQ                                             (26) 

The first term TQ  in W/m2 illustrates the conductive heat 

transfer between contact and target surfaces or the thermal 
exchanges at the interface of contact which is defined as 
follows: 

)( TCT TTTCCQ                                 (27) 

TCC is the thermal contact conductance in W/m2 K and can be 
considered as the inverse of thermal contact resistance [21].  
The contact and target interfaces are considered perfect, thus, 
the temperature of the contact interface 

CT  and the 

temperature of the target interface 
TT  must be the same:  

),,,(),,,( tzyxTtzyxT TC                        (28) 

To verify the last condition (28), the value of TCC must be 
taken very high; a reasonable value of 106 W/m2 K is given to 
the thermal contact conductance TCC. It is interesting to note 
that the numerical calculus was not converged when a value of 

TCC higher than 106 W/m2 K has been used. The second term 

EQ  in W/m2 of the previous equation (26) represents the 

thermal power dissipated by the Joule effect at the interface or 

the heat flux at the interface due to electric current, EQ  can 

be expressed as follows: 
2)( )( TCTCE VVECCVVJQ            (29) 

where J is the electrical current density in A/m2, 
CV and 

TV  

are the electric potential of the contact interface and target 
interface respectively in Volt, ECC is the electrical contact 

conductance in 21m  or Siemens/m2 and can be 
considered as the inverse of electrical contact resistance per 
unit area. As in the thermal contact, for a perfect electric 
contact and target interfaces, the voltage of the contact 
interface 

CV  and the voltage of the target interface 
TV  must be 

the same, thus:   

),,,(),,,( tzyxVtzyxV TC                            (30) 

The previous condition (30) is verified when the potential 
difference approaches toward zero. Consequently, the value of 

ECC must be taken very high; a value of 1014 21m  is 
given to the electrical contact conductance ECC [28] and [29] 
which is the maximum value accepted by the used finite 
element commercial code in order to minimize the voltage 
drop between the target and contact surfaces [30]-[32]. 
Finally, TCC and ECC mainly depend on the roughness of the 
contact surfaces, contact area and on the pressure force of 
both bodies. However, a theoretical determination of these 
coefficients is extremely difficult. For this reason, the contact 
and target interfaces are considered perfect.   

VII. NUMERICAL RESULTS AND DISCUSSIONS 

For mechanical analysis, contact, material and geometric 
non-linearities require an iterative full Newton Raphson 
method to be used with the sparse matrix solver (direct solver) 
for solving nonlinear systems of equations. In this approach, 
the applied load is subdivided into a series of load increments 
which can be applied over several load steps. The program 
checked the convergence of the iterative solution by using a 
force criterion, i.e. the solution is achieved when the 
calculated force convergence norm does not exceed the 
defined force criterion. The maximum number of equilibrium 
iterations allowed for each substep and for nonlinear analysis 
is 25. For thermo-electrical analysis, contact and material 
properties which are temperature-dependant require also the 
use of full Newton-Raphson method with sparse solver to 
solve the thermal transient problem. The program checked the 
convergence of the iterative solution by using a heat flow 
criterion, i.e. the solution is achieved when the calculated heat 
flow convergence norm does not exceed the defined heat flow 
criterion. The advantage of the developed finite element 
model is the prediction of the electrical contact resistance 
without making the experimental test and the calculation of 
the temperature of contact surfaces which is impossible to 
measure it by our experimental means. Fig. 9 (a) and (b) show 
for the two models (with one contact point and five contact 
points) the numerical curves of contact temperature and 
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electrical contact resistance variations during 1500 seconds. 
The temperature varies exponentially and increases over time 
until the equilibrium state when the time reaches 
approximately 1500 seconds with an equilibrium contact 
temperature of 41.23 °C for the model with one contact point 
and is higher than the one obtained for five contact points 
which is equal to 32.05 °C. The electrical contact resistance 
increases exponentially with time because the resistivity 
increases with the increase of contact temperature. Also, we 
remark that the electrical contact resistance for one contact 
point is higher than the one obtained for five contact points. 
Fig. 10 shows at the end of analysis a comparison between the 
Von Mises stress, temperature and electrical resistance 
distributions on the half of contact samples for the model with 
five contact points and for the model with one contact point. 
The applied indentation force Fc is 100 N and the applied 
current I is 100 A. However, the applied contact force is high, 
thus leads to obtain a large contact zones and a lower 
electrical contact resistance and contact temperature. 
Electrical contact resistance decreases inversely to the applied 
load [3], [19]. Fig. 10 shows that the maximum Von Mises 
stress is localized near to the contact zones for the two model, 
the maximum Von Mises stress for the model with one contact 
point ( Max

VM = 351 MPa) is higher than the yield stress of 

copper alloy C19210 (
e =322 MPa) which confirms the 

presence of a little plastic strain near to the contact zone (Fig. 
10). The maximum Von Mises stress for the model with five 
contact points ( Max

VM = 177 MPa) is very lower than the 

maximum stress for the model with one contact point ( Max
VM = 

351 MPa) and very lower also than the yield stress of copper 
alloy C19210 (

e =322 MPa) (Fig. 10). This leads to increase 

the life time of contact samples with five contact points. At 
1500 s, electrical contact resistance for the model with five 
contact points is reduced by 47 % with report to the electrical 
contact resistance obtained for the model with one contact 
point (0.082m ) (Fig. 10). This induces the temperature to 
decrease due to a generation of lower Joule heat in the contact 
zones. This temperature is reduced for the model with five 
contact points by 22% with report to the calculated 
temperature for the model with one contact point (41.23 °C) 
(Fig. 10). Finally, the finite element model with five contact 
points presents several gains: contact resistance, contact 
temperature and maximum Von Mises stress which is more 
interesting for the connector designers.  

 
 

 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 9 Transient numerical variation of (a) contact temperature (b) 
and electrical contact resistance. 

 
 

VIII. CONCLUSION 

 
Minimisation of electrical contact resistance, contact 

temperature and maximum stress of contact samples made of 
recent high-copper alloys under high contact forces and 
electric current was studied in this work with the help of 
experimental and numerical means. Using an indirect coupling 
method, a finite element analysis of mechanical stress and 
transient electrical contact resistance and contact temperature 
of contact samples (with one and five contact points) made of 
C19210 copper alloy has been carried out with an applied 
contact force of 100 N and an applied electric current of 100 
A. The model developed in this study is beneficial in 
understanding the coupled mechanical, thermal and electrical 
behaviour of the electrical contact, and can be applied to 
predict the contact resistance and contact temperature without 
making the experimental test. 
In this study, a comparison has been made between the results 
of the model with one contact point and the results of the 
model with five contact points. The model with five contact 
points presents many advantages: minimization of contact 
resistance without changing the volume, minimisation of 
contact temperature and maximum Von Mises stress which is 
also lower than the yield stress of the material C19210. This 
leads to decrease the connector cost and to increase the life 
time of contact samples. In this work, the result quality in 
terms of accuracy and efficiency are tested and discussed with 
different finite element analysis models. 
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Fig. 10 Comparison results between the model with one contact point and the model with five contact points 
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