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Abstract This study present a 3D finite element model able to predict the axial 

temperature gradients on a tensile specimen, which is heated by the direct resistance 

system used on a Gleeble system. A new algorithm is proposed to control the heat 

generation rate required to simulate the metal heating by direct resistance. The predicted 

temperature distribution was compared with data recorded experimentally along the 

specimen. The results shown that the algorithm developed can be a good solution for the 

temperature prediction on the specimen under the specified conditions. 
 

 

 

1. INTRODUCTION 

The automotive industry has made significant efforts in recent years to reduce the fuel 

consumption in passenger cars and consequently reduce the carbon dioxide (CO2) emissions 

rates to fulfil the new environmental demands [1]. The adoption of light-weight materials, 

such as aluminium [2] and magnesium alloys [3], allows the weight reduction in body-in-

white. Nevertheless, the formability of these alloys at room temperature is considerably low 

when compared with low carbon steels, which limits its widespread application [4]. Indeed, 

the formability can be significantly improved by warm forming, since the increase of 

temperature leads to a decrease in the material flow stress and improves the ductility [5]. 

Typically the warm sheet metal forming process of light-weight alloys is performed in the 

temperature range of 200ºC to 350ºC. The behaviour of two Al–Mg–Si alloys during drawing 

was investigated by Ghosh et al. [6] at room and warm temperatures, concluding that the 

force–displacement evolution is strongly influenced by the blank temperature. Moreover, the 

formability (limiting drawing ratio) and ductility of these alloys is enhanced by the warm 
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temperatures, as illustrated by Abedrabbo et al. [7]. Another advantage of warm forming 

processes is the decrease of the springback effects, resulting from the change of the stress 

state in the formed sheet after forming [8]. Besides, the stretcher lines arising in the AA5xxx 

series (Al–Mg alloys), due to the Portevin–Le Chatelier (PLC) effect, vanish at warm 

temperatures, as highlighted in the experimental study performed by Coër et al. [9]. 

The mechanical behaviour of the metallic sheets at warm temperatures needs to be studied to 

develop adequate constitutive models. The Gleeble thermo-mechanical testing system has 

become a standard machine for these type of studies, since it combines accurate high heating 

rates, while guaranteeing an homogeneous and constant temperature in a small zone of the 

samples [10], [11]. This is only possible due to the direct resistance system used on the 

Gleeble testing machine. This system involves an electrical current induced in the specimen 

using a power source, which heats the specimen by Joule’s effect due to the material’s 

resistivity. 

Several numerical models have been developed to predict the temperature distribution, which 

resort to electro-thermal formulations [10], [12], [13]. This study presents a novel 3D finite 

element (FE) model to predict the temperature distribution on the specimen heated by the 

Gleeble direct resistance system. The developed FE model avoids the difficulties inherent to 

an electro-thermal coupling being based on classical thermal transient FE model. The 

numerical results are compared with experimental ones, which are obtained from a tensile 

specimen heated on a Gleeble 3,500 system. 
 

2. EXPERIMENTAL SET-UP 

The experimental results presented in this study were obtained by Coër et al.[11] and are 

used to validate the developed finite element model. In the experimental tensile test, a 

specimen was heated on a Gleeble 3,500 system and the temperature evolution was 

recorded in four points. The experimental set-up used can be observed in Figure 1(a).  

 

 

(a) (b) 

Figure 1. Gleeble testing system: (a) experimental set-up and (b) geometry of the specimen ( 0 40L mm , 

10b mm  and 80cL mm ). 
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Throughout the heating stage, the specimen was clamped with cooper grips, which were 

water cooled, forcing an axial thermal gradient on the specimen. Thus, only the centre of 

the specimen was at the prescribed temperature (200ºC) after the prescribed time of 13.4s. 

The temperature on the specimen was measured with four thermocouples, which were 

previously welded on the surface of the specimen equally spaced (6 mm) along the 

specimen axis (Figure 1(b)). The thermocouple TC1 provides the actual temperature of the 

specimen at its centre point. This information is used by the Gleeble control system, 

which is compared with the prescribed heating rate in each time instant. Thus, the electric 

current applied is calculated to ensure the prescribed heating rate.   

The environment temperature and the initial temperature of the specimen was about 22ºC. 

The geometry of the specimen used is shown in Figure 1(b). The material considered for 

this work was an automotive sheet: AA5754-O aluminium alloy sheet with 1 mm of 

thickness. The thermal properties for the aluminium alloy and for the cooper grips are 

presented in Table 1. 

Sepcimen Material AA5754-O 

Density (kg/m
3
) 

Specific heat (J/kg/°C) 

Conductivity (W/m/°C) 

2700 

900 

220 

Grips material Copper 

Density (kg/m
3
) 

Specific heat (J/kg/°C) 

Conductivity (W/m/°C) 

8800 

400 

300 

Table 1. Thermal properties of the specimen and grips materials [8], [14]. 

3. FINITE ELEMENT MODEL 

The heat equation combined with the Fourier’s law of conduction applied to a continuous 

medium, with arbitrary volume  3V   bounded by a closed surface S , can be expressed as 

follows: 

 grad( ) ,
T

c T q
t




 


k  (1)  

where   and c  represent the specific mass and the specific heat of the continuous medium, 

respectively. k  is the conductivity tensor and q  is the energy rate generation per unit of 

volume. 

The classical boundary heat exchange conditions comprise the heat transfer modes of 

convection and radiation. To model the convection boundary condition it is necessary to know 

the convection coefficient ch  and the exterior temperature T  in order to define the 

convection heat flux as follows: 



J.M.P. Martins
1
*, J.L. Alves

2
, D.M. Neto

1
, M.C. Oliveira

1
 and L.F. Menezes

1
 

 4 

  conv c ,q h T T   (2)  

The radiation boundary condition term is defined also based on a heat flux: 

  rad r sur ,q h T T   (3)  

in which the 
rh  is defined by: 

   2 2

r sur sur ,h T T T T    (4)  

where surT  is the surrounding temperature,   is the emissivity of the surface and   is the 

Stefan–Boltzmann constant. 

The weak form of Eq. (1) can be written in matrix form as: 

  cond conv/radCT+ K K T = Q +f  (5)  

where C  is the thermal capacity matrix and, condK  and conv/radK  are the conductivity and the 

convection/radiation stiffness matrices, respectively. Q  and f  are the vectors of heat 

generation and heat fluxes on the surface, respectively. These matrices and vectors can be 

expressed as: 

 
T

V
c dV C N N  (6)  

 
T

cond
V

dV K M kM  (7)  

 
T T

conv/rad s conv s s r s
S S

h dS h dS  K N N N N  (8)  

 
T

V
qdV Q N  (9)  

 
T T

s conv s r r
S S

h dS h dS  f N T N T  (10)  

where ( )xΝ  and s ( )xΝ  are matrices containing the shape functions associated with the 

volume and the surface of the body, respectively. Also, grad( )Μ N . 

In transient heat conduction analysis, Eq. (4) must be integrated over the time. Different time 

integration methods based in one or more time steps can be adopted [15]. The generalized 

trapezoidal method is used in this study [16]. This time integration method can be deduced 

from the Taylor’s expansion, by neglecting the second and higher-orders terms and 

introducing a time weighting factor  , varying between 0 and 1. Thus, the temperature field 

at instant t t   is obtained using the following equation: 

  1 .t t t t t t t  
      T T T T  (11)  

where t  is the incremental time. Applying the definition of the trapezoidal method into Eq. 

(4), the following expression is obtained: 
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cond conv/rad cond conv/rad

1 1
1

1 1 .

t t t

t t t t t t

t t
 

   



 

   
           

   

C + K K T C K K T =

Q Q + f f

 (12)  

Depending on the value selected for  , the generalized trapezoidal method reduces to time 

integration methods well-known such as,  0   Euler forward method, 
1

2


 
 

 
 Crank 

Nickolson method, 
2

3


 
 

 
 Galerkin method and  1   Euler backward method [17]. 

Only the Euler backward is known to be unconditionally stable for non-linear thermal 

problems [18], i.e. starting from a thermal equilibrium state at time t , it reaches a thermal 

equilibrium state at time t t  . The application of the Newton–Raphson iterative scheme to 

the Euler backward method results in the following linearized system of equations: 

 
11 1 1

,i i i i i i i i i

t t t t t t t t t t t t t t t t t t t
t t t



        

     
         

       
C + K T C T Q f C + K T  (13)  

where the superscript i  and the subscript t , which follow the vectors and matrices, represent 

the iteration number and the configuration where the vectors and matrices are calculated, 

respectively. The matrix K  is given by: 

 cond conv/rad. K K K  (14)  

The adoption of a fully implicit method (Newton–Raphson) presents the drawback of 

excessive computational cost, contrasting with explicit and semi-implicit methods such as 

Euler’s method, Crank Nickolson’s method and Galerkin’s method. However, implicit 

algorithms guarantee the equilibrium in all increments, leading to stable results. It is 

recognized that most of the time spent by fully implicit methods is related with the iterative 

cycle [19]. Nevertheless, the computation time of the implicit method can be reduced using an 

initial guess close to the solution. Therefore a prediction/correction algorithm type is adopted 

in this work to solve the non-linear heat problem. In the prediction phase, an explicit/semi-

implicit algorithm  1   is used to solve the thermal problem combined with an rmin-

strategy to control the size of the time increment [20], [21]. The obtained solution is used as 

initial guess for the correction phase  1  . 

3.1. Gleeble heating system 

The thermal FE model aims to simulate the heating stage that occurs in the tests performed on 

Gleeble machine, described in section 2. In this context, due to geometric and material 

symmetry conditions (Figure 1), only one eighth of the model was considered. The tensile 

specimen and the copper grips were discretized as a single body using isoparametric 8-node 

linear hexahedral finite elements, as shown in Figure 2.  
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Figure 2. Tensile specimen and grips FE model used for the simulation of the Gleeble heating system 

(one eighth). 

The distinction between the specimen and the grips was performed in the numerical model 

assigning different thermal properties to each region. The finite element mesh was generated 

in order to create nodes in the same positions of the four thermocouples used in the 

experimental set-up (see Figure 2). The Gleeble testing system heats the sheet by direct 

resistance using an electrical control scheme, which changes the applied current intensity to 

achieve a target temperature in the centre of the specimen, measured with a thermocouple 

(TC1 in Figure 1 (b)), for the time designated by the user [10]. The numerical modelling of 

the heat generated by electrical current is carried out in this study through an energy rate 

generation in the volume of the specimen (Eq. (9)), which is evaluated in each increment to 

try to guarantee a constant heating rate. The numerical temperature cT , evaluated in the 

position of the thermocouple TC1, is compared with a pre-defined temperature pT , in order to 

define the vector of heat generation using the predictor/corrector algorithm (Table 2). This 

pre-defined temperature pT  is calculated for every time instant, based on the prescribed 

heating rate. 

The grips of the Gleeble system are water-cooled during the heating process. In the present 

study, the heat loss to the grips was modelled applying a high convection coefficient in the 

top surface of the grip, which is a procedure also adopted by Kardoulaki et al. [10]. The value 

of the convection coefficient used is 1000 W/m
2
/ºC, with a temperature of 22ºC for the T  in 

Eq. (2). Additionally, the heat loss by convection to the environment was taken into account 

using a convection coefficient of 40 W/m
2
/ºC and air temperature of 22ºC, as suggested in 

[22]. 
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1. Initialize variables initial

t T T  and 0t s . 

2. Prediction phase  

2.1. If p c 0T T   then 

Calculate 
p c( )

t t

T T
q c

t






 

End if 

2.2. Build and solve Eq. (16) for t tT . 

3. Correction phase  

3.1. If p cT T tolerance   then 

Calculate 
p c

1 ( )i

t t

T T
q c

t





 

  
Calculate 1 1i i i

t t t t t t
q q q

 

  
  

 End if 

3.2. Build and solve Eq. (21) for 1i

t t



T . 

3.3. If the equilibrium condition is not satisfied got to 3.1 for next 

iteration, otherwise proceed 

3.4. Next increment t t t   , go to 2. 

Table 2. Thermal properties of the specimen and grips materials [8], [14]. 

4. RESULTS AND DISCUSSION 

The temperature distribution on the specimen, as well as on the grips, is presented in Figure 

3. The water-cooling of the grips leads to a thermal gradient in the specimen caused by the 

heat removed from the grips. In fact, the temperature of the grips is approximately constant 

(22ºC) during the heating process of the specimen. The comparison between the experimental 

temperatures measured with the thermocouples and the numerical prediction is presented in 

Figure 4.  
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Figure 3. Temperature distribution in the specimen and grips for the heating process using a Gleeble 

system (complete model). 

 

Figure 4. Comparison between experimental and numerical temperature distributions along the 

specimen length. 

The finite element results are in good agreement with the experimental ones, particularly for 

the positions related with the thermocouples TC1 and TC2. Moreover, the numerical results 

can be exactly fitted by a quadratic equation, as shown in Figure 4, which is not observed in 

the experimental data. This difference can be caused by the influence of temperature in the 

material thermal properties, which was not taken into account in this model. 
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Figure 5. Temperature evolution in the thermocouples positions measured experimentally and calculated 

with the numerical model. 

The transient thermal evolution of the specimen, recorded with the four thermocouples and 

predicted with the finite element model is presented in Figure 5. The temperature evolution is 

approximately linear for all points analysed, i.e. presents a constant heating rate. Besides, the 

numerical results are in good agreement with the experimental ones, in particular for the 

thermocouples TC1 and TC4. In order to highlight the difference between them, a detail view 

of the global evolution is also presented in Figure 5, for the last 3 seconds. The maximum 

difference between them is about 3.5ºC, which occurs in the thermocouple TC3 for the last 

instant (increment), as also shown in Figure 4.   

5. CONCLUSIONS 

This paper presents a transient finite element model to predict the temperature 

distribution/evolution on a tensile specimen heated by a Gleeble system. The algorithm 

used to evaluate the heat generation rate, physically produced by the direct resistance 

heating, was described. The results from the finite element model were compared with 

experimental results. Despite the several simplifications assumed in the model, the numerical 

results are in good agreement with the experimental ones, both in terms of temperature 

distribution and time evolution. Therefore, this model can be used in the development of 

inverse strategies for constitutive model parameters identification, based on experimental 

results obtained with the Gleeble device.  
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