Comparison of the methods for calculating the interfacial heat transfer coefficient in hot stamping
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Abstract：This paper presents a hot stamping experimentation and three methods for calculating the Interfacial Heat Transfer Coefficient (IHTC) of 22MnB5 boron steel. Comparison of the calculation results shows an average error of 7.5% for the heat balance method, 3.7% for the Beck’s nonlinear inverse estimation method (the Beck's method), and 10.3% for the finite-element-analysis-based optimization method (the FEA method). The Beck's method is a robust and accurate method for identifying the IHTC in hot stamping applications. The numerical simulation using the IHTC identified by the Beck's method can predict the temperature field with a high accuracy.  
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1. Introduction

The hot stamping process is defined as the boron steel sheets such as 22MnB5 are heated to over 900oC for completely uniform austenitizing and then transferred to water-cooling dies for stamping and quenching at cooling rates of over 27oC /s. Hot stamped high-strength steel parts have the advantages of high strength, high hardness, little springback and significant weight reduction, all of which make hot stamping the best process for producing complex automotive structural components such as A-pillars, B-pillars and side impact beams etc. 
During forming and subsequent quenching, heat transfers between high-temperature blank and low-temperature die. The interfacial heat transfer coefficient (IHTC) between blank and die is an important thermophysical parameter indicating heat transferability. The IHTC directly impacts the temperature distribution in the blank and consequently affects the mechanical property and microstructure of the formed part. 

In heat transfer theory, the IHTC is a parameter to describe the heat transfer between interfaces and considered as a constant value in ideal condition. However, an ideal condition is difficult to achieve in practice and the IHTC changes in value as the part is formed and quenched. Merklei et al [1] and Bosetti [2] studied the contact heat transfer coefficients for given contact pressure and temperature difference at the interface and the gap heat transfer coefficients for various gap values. Abdulhay et al [3,4] evaluated the heat transfer during hot stamping of a U channel and estimated the thermal contact resistance as a power function of contact pressure. 
There are three methods for calculating the transient IHTC. The first method is called heat balance method which is based on the Newton's law of cooling with the assumptions of constant die temperature and small Biot number. The die temperature actually changes during forming and quenching, therefore the original Newton's law of cooling needs revision. Hao et al [5] presented a theoretical formula based on the heat balance method and calculated the IHTC of Usibor 1500P steel. The formula is relatively simple in that all material thermophysical properties are assumed constant and Forward Euler integration scheme is used. The second method is to treat the problem as an inverse heat conduction problem, i.e. inversely solve the heat flux and temperature at the interface from the measured temperature fields of the blank and die, given IHTC as boundary conditions, and the optimal IHTC values are obtained by minimizing the difference between the calculated and measured temperatures of the blank and die. Bai et al [6] and Khandelwal et al [7] illustrated how this type of method was used in estimating heat transfer coefficient and thermal contact resistance. The inverse estimation method in general relies on measuring the inside temperatures of the die and blank. Calibration of the measurement locations and accuracy in temperature acquisition are necessary to minimize the delaying and lagging effect of the heat transfer itself. The third method is to simulate the temperature field by using a finite element model and determine the optimal IHTC value through an iteration process. This method was used by Guo et al [8] in prediction of the interfacial heat flux. One limitation of the FEM based optimization method, as demonstrated by Wendelstorf et al [9], is that it typically only provides a single equivalent IHTC, which cannot reflect the actual changes of the IHTC during the forming and quenching process.

This paper introduced our in-house designed hot stamping experimental devices that can detect and collect the real-time surface and inside temperatures of the die and blank. A theoretical formula based on the heat balance method was derived for direct calculation of the IHTC. A computer program based on Beck’s [10] nonlinear inverse estimation method (the Beck's method) was developed to inversely estimate the IHTC. A finite-element-analysis-based optimization method (the FEA method) was also used to calculate the IHTC. The accuracy of these methods were analyzed and compared.  
2. Experimentation
2.1 Description of the Experiment

The experiment setup illustrated in Fig 1 consists of a 40-ton hydraulic press, an electric furnace, a two-piece cylindrical die (upper and lower), a circular 22MnB5 steel blank of 2.0 mm thickness, five Φ 0.5mm K-type thermocouples, a data acquisition device MX100 and a desktop computer. The spherical contact in the support helps balance the lower die and ensure an uniform contact pressure on the blank. Fig 2 shows the dimensions of the die and blank, and the temperature collecting positions. One thermocouple is fusion welded onto the surface of the upper die and smoothed flat. The temperature collected by this thermocouple is considered the temperature on the die surface. Three thermocouples are installed in the lower die at 2 mm, 4 mm, 6 mm below the die surface, respectively. One thermocouple is installed right in the middle of the blank. The Φ 0.5mm K-type armored thermocouples were used. The armor can resist heat up to 1100oC. The uncertainty of measurement provided by the manufacturer is +/- 1 oC.
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Fig. 1. Schematic illustration of the experiment setup
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Fig. 2. Dimensions of the heat transfer device and the thermocouple positions
In the experiment, the blank was heated in the furnace to 900oC and kept for 3 minutes, then quickly transferred onto the lower die. The upper die slid down and pressed the blank against the lower die at a certain pressure. Fig 3 shows the heated specimen and thermocouple wiring. The measured temperatures of the blank and the #45 tool steel die for 1.0 MPa contact pressure are plotted in Fig 4.  
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Fig. 3. Experiment setup showing the specimen and thermocouple wiring  
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Fig. 4. Measured blank and die temperatures over quenching time
2.1 Analysis of the Experiment

It is worthwhile to look into the experiment before the calculation of IHTC is carried out. Among heat conduction, heat radiation and heat convection in hot stamping, the latter two forms are so small that they can be neglected. The consequence of only considering heat conduction between blank and die is a slight overestimation of the IHTC. 

The specimen is a circular 22MnB5 steel blank of 2.0 mm thickness and 75.0 mm diameter. The Biot number is define as:

[image: image5.wmf]hl

Bi

l

=

                                      (1)
where h is the interfacial heat transfer coefficient, λ the thermal conductivity coefficient, and l the characteristic length. In our experiment, the maximum h is 8x103 W/(m2·K), λ is 40 W/(m·K), and l is half the specimen thickness, i.e. 1.0 mm, because the specimen conducts heat from its top and bottom surfaces evenly and only a half model needs to be considered. Substitution of these numbers into Eq. (1) yields Bi = 0.2, indicating that the conduction resistance is much smaller than the transfer resistance so the temperature of the entire specimen, although changing over time, is considered uniformly distributed at any time. 
In addition to calculating the Biot number, a preliminary finite element simulation of the experiment was done. An assumed IHTC, e.g. 8x103 W/(m2·K), was used in the simulation since the real number was not known yet. The preliminary simulation serves the purpose of observing how the temperature is distributed in the specimen and the die. 
Fig. 5 shows the simulated temperature distribution. In Fig. 5(a), the contour plot shows the temperature distribution in the specimen after 1.0 second of quenching and the graph represents the surface temperature (P1) and the inside temperature (P2) of the specimen over quenching time; while in Fig. 5(b), the contour plot shows the temperature distribution in the die after 10.0 seconds of quenching and the graph represents the surface temperature of the die along the distance from the center. It can be observed that the surface temperature the of the specimen is very close to the inside temperature and the peak difference of 732oC versus 758 oC (percentage error of 3.4%) occurs approximately after 1.0 second of quenching; and for the die, the surface temperature is uniformly distributed in the center area within a circle of 10mm radius and the inside temperature, although gradually decreasing along the depth, is also uniformly distributed around the center axis at the same depth. The preliminary simulation results confirmed that the experiment can be considered as a one dimensional heat transfer problem, i.e. the heat transfers along the thickness direction only.         
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Fig. 5. Simulated temperature distribution in the specimen and the die with an assumed IHTC   
3. Methods for Calculating IHTC

The heat balance method, Beck’s nonlinear inverse estimation method (the Beck's method), and finite-element-analysis-based optimization method (the FEA method) are described in this section. 
3.1 The Heat Balance Method

The heat dissipated by the specimen is equal to the heat absorbed by the die according to the energy conservation law when the radiation and convection between the die and specimen and the air are neglected. The corresponding differential equations are:

 
[image: image8.wmf]oi

dQdQ

=

                                         (2)


[image: image9.wmf]o

dQcVdT

r

=×

                                     (3)


[image: image10.wmf](

)

iw

dQhATTdt

=--×

                                (4)

where c is the specific heat capacity of the specimen, ρ the density of the specimen, V the volume of the specimen, A the contact surface area, T the temperature of the specimen, Tw the temperature of the die, and h the interfacial heat transfer coefficient at time t. 
Substitution of Eq. (3) and (4) into Eq. (2) yields:


[image: image11.wmf]w

dThA

dt

TTcV

r

=-

-

                                  (5)

In the traditional Newton's law of cooling, the die temperature Tw is assumed constant, so Eq. (5) can be written as: 
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The integration of Eq. (6) is expressed by: 
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where Ti and Ti-1 is the temperature of the specimen at time ti and ti-1, respectively. The parameter c, ρ and h are also assumed constant during the time period dt. Integration of Eq. (7) yields a piecewise formula for direct calculation of the IHTC from the measured specimen at any two adjacent time points, ti-1 and ti:
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where 
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 is the time duration between ti-1 and ti . Considering the contact area A is actually the surface area of the specimen and V is the volume of the specimen, Eq. (8) is further simplified as: 
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where l is half the specimen thickness because of the symmetrical condition as explained in section 2.1. It is worthwhile to mention that V in Eq. (3) through (8) is actually only half the specimen volume for the same reason. 
The die temperature actually changes in practical hot stamping process, i.e. Tw is not constant during the time period dt, therefore the integration of Eq. (5) should be expressed by:
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Piecewise linearity assumption of T and Tw over time increment from ti-1 to ti yields:
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where Tw,i and Tw,i-1 is the temperature of the die at time ti and ti-1, respectively. The formula for IHTC can be derived as below:

[image: image19.wmf],,

2()

()()

ii

iwiiwi

clTT

h

TTTTt

r

-

--

-

=

éù

-+-D

ëû

11

1

                            (12)

where l is characteristic length, i.e. half the specimen thickness. 
The specific heat capacity c of 22MnB5 boron steel actually changes along with temperature, especially at the martensite phase transformation point. The equivalent heat capacity ceq during phase transformation can be defined as [11]: 
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where L (J/kg) is the latent heat. The martensite phase volume fraction ζ is an exponential function of temperature T and can be calculated by the Koistinen-Marburger law [11]:
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where Ms is the martensite transformation temperature and α is the phase transformation kinetics factor. Both Ms and α are material properties. For 22MnB5 boron steel under normal stamping condition, Ms≈400oC and α≈0.011 [11]. The specific heat capacity c and the equivalent specific heat capacity ceq versus temperature for 22MnB5 are plotted in Fig. 6. It can be seen that the phase transformation boosts the heat capacity significantly at the Ms point and afterwards the equivalent heat capacity continues decreasing as the transformation proceeds to completion.  
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Fig. 6. Equivalent specific heat capacity curve for 22MnB5   
Substitution of the equivalent specific heat capacity ceq into Eq. (12) yields: 
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Eq. (15) was used as the heat balance based method to directly calculate the IHTC from the measured specimen and die temperatures. It is a piecewise function over time duration Δt. The time interval in data acquisition should be small enough to ensure the accuracy of the piecewise linearity approximation. In this study, the temperatures of the specimen and the die were collected every 0.01 second. 
3.2 The Beck's Method
According the Newton's law of cooling, the IHTC can be expressed by
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where q is the heat flux density between the blank and the die, and ΔTB,D the temperature difference of the specimen and the die at their interface. Therefore, it is necessary to obtain the temperatures of the specimen and the die, as well as the heat flux density, in order to calculate the IHTC. The temperature can be directly measured by thermocouple, however, the heat flux is in general difficult to obtain. 
The preliminary finite element simulation results introduced in section 2.1 show that the temperature of the specimen is close to uniform throughout the thickness in the center area, so the measured specimen inside temperature 
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The die temperature was measured at four locations, namely, on the surface, 2 mm, 4 mm and 6 mm below the surface. The measured and calculated die temperature are expressed by 
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, respectively, where i=0,2,4,6 denotes the thermocouple location, t=1,2,,,r denotes the time segment over the quenching period. 
Section 2.1 also confirms that the experiment model in this study can be considered as a one dimensional unsteady heat conduction problem without internal heat source, therefore the entire temperature field of the die can be calculated through solving the partial differential equation: 
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where T is the temperature of the die, τ the time of thermal conduction, x the thermal conduction direction (i.e. the depth of the die), ρ the density of the die, c the specific heat capacity of the die, and λ the heat conductivity coefficient of the die. For the unsteady heat conduction problem, the conditions for deterministic solution consist of two parts: the initial condition providing the temperature distribution of the initial time and the boundary condition providing temperature or heat transfer condition on the boundary of the objects. When the heat flux q at the interface is specified as the boundary condition, it is called the second type of boundary condition, also known as Neumann condition [12]. 
The Beck's method is essentially an optimization procedure, which is carried out by adjusting the boundary condition, i.e. the heat flux q, over each time segment to minimize the difference between the calculated and measured die inside temperatures over the entire quenching period. The overall objective function is expressed by: 
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where r is the total number of time segments and i=2,4,6 (three inside thermocouple locations). 
Adjustment to the heat flux q at time t is given by Eq. (5):
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where TMEA and TCAL are the measured and calculated die inside temperatures at the three locations (2mm, 4mm and 6mm below the die surface) after time t, i.e. from t+1 to the end, and 
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 is the corresponding sensitivity coefficient of the calculated temperature to the heat flux, which is defined as:
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where e is a small number such as 1.0E-4. 
It is worthwhile to mention that the die surface temperatures, 
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, are not included in the optimization procedure. The essential of the Beck's method is to use the measured die inside temperatures to inversely calculate the die surface temperatures and use the measured die surface temperatures to validate the calculated die surface temperatures. In many situations, it is difficult to measure the die surface temperatures at the interface, and even though the surface temperatures are measured, the accuracy is still a concern. On the other hand, it is much easier to install thermocouples inside the die and the inside temperatures can be measured with a higher accuracy. Therefore, using the measured die inside temperatures to inversely calculate the die surface temperatures is deemed as a reliable method.     

The function Pdepe in MATLAB is called to solve the Eq. (18) to get the temperature field of the die over time. The iteration procedure Eq. (19) yields the optimized heat flux qt and the die surface temperature 
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 for each time segment. The calculated blank surface temperature 
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 is also known from Eq. (17). As a result, the corresponding IHTC can be calculated by: 
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The schematic model of the Beck's method for calculating IHTC is shown in Fig. 7 and the flow chart in Fig. 8. 
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Fig. 7. Schematic model of the Beck's method for calculating IHTC
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Fig. 8. Flow chart of the Beck's method for calculating IHTC
3.3 The FEA Method

The one dimensional heat transfer problem described in this study was modeled by the finite element code Abaqus. In the simulation model, an overall equivalent IHTC was defined for the entire quenching process. The simulated specimen and die temperatures for each given IHTC were compared to the measured temperatures. The minimum difference between the simulated and measured temperatures was achieved through a try-and-error process of adjusting the IHTC.      
The optimization code Isight was used together with Abaqus. The Pointer algorithm in Isight automatically controls the step size and the number of iterations for the best searching efficiency. Specifically, the objective functions are defined as: 
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 Eq. (23) is the least square deviation between the simulated specimen temperatures 
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. Similarly, Eq. (24) is the least square deviation between the simulated die temperatures 
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 at the four thermocouple locations, i.e. on the surface and 2 mm, 4 mm, 6 mm below the surface.  
Abaqus is capable of solving heat transfer problems with changing IHTC. In other words, in the simulation model, the IHTC changes over time or temperature and one IHTC value is needed for each segment. In this experiment, the temperatures were collected every 0.01 second and the quenching process took 14 seconds, so there were 1400 time or temperature segments. Optimization of 1400 IHTC values using finite element simulations is very cumbersome. Therefore, only an overall equivalent IHTC was optimized in this study. 
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Fig. 9. Flow chart of the FEA method for calculating IHTC
4. Results and Discussions
The curves of IHTC versus specimen temperature obtained by the abovementioned three methods are plotted in Fig. 10. The obvious dissimilarity among the curves is that the IHTC obtained by the FEA method is a constant value while the other two methods yield changing IHTC. Section 3.3 explained that only an overall equivalent IHTC was optimized in the finite element model because of the complexity of optimizing many piecewise IHTC values using this method.  
The similarities between the IHTC curves obtained by the heat balance method and the Beck's method are: the IHTC is not constant during the quenching process; the IHTC starts small and increases as the quenching proceeds; there is a turning point at the martensite transformation point (400oC); the IHTC increases to a peak value at around 250oC and then starts to drop. These tendencies can be explained by the definition of IHTC and the changes in thermophysical properties associated with the transformation from austenite to martensite. 
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Fig. 10. Curves of calculated IHTC versus specimen temperature

At the onset of the experiment, there is no heat transfer because of the lagging effect and therefore the heat flux is zero, so is the IHTC according Eq. (16). In the early stage of quenching, the blank is much hotter than the die and there is more heat flux at the interface. However, the IHTC is small in the early stage because by definition it is reciprocal to the temperature difference between the blank and die. The IHTC increases as the quenching proceeds because the specimen is being cooled down so the temperature difference between the specimen and the die decreases and the heat flux increases (Fig. 11). 
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Fig. 11. Curves of IHTC and heat flux versus specimen temperature by the Beck's method
Between 550oC and 250oC, both temperature difference and heat flux decrease, but the temperature difference decreases faster than the heat flux, so as a result the IHTC continues to increase. Both the change in equivalent heat capacity (Fig. 6) and the release of latent heat contribute to the sharp increasing of IHTC right after the Ms point. The drop of specimen temperature slows down near the Ms point (Fig. 4) is primarily because of the released latent heat induced by the martensite transformation. In the meanwhile, the increased thermal conductivity and equivalent heat capacity help transfer more heat from the specimen to the die. In addition, the transformation induced plasticity, volume expansion [13] and surface relief [14] during the martensite transformation lead to contact pressure increasing and actual contact area expanding, which help reduce the thermal contact resistance and raise the IHTC. After reaching a peak value at around 250oC, the IHTC starts to fall because from then on the heat transfer becomes less and less as the specimen temperature gets closer to the die temperature (Fig. 4). 
The distinct dissimilarity between the IHTC curves obtained by the heat balance method and the Beck's method is that the IHTC calculated by the heat balance method decreases as the temperature approaches the Ms point and increases afterwards, while the IHTC by the Beck's method continues increasing in the Ms region. The denominators in heat balance method Eq. (15) and in Beck's method Eq. (16) are essentially the same, i.e. the temperature difference between the specimen and the die at the interface. However, the numerator in Eq. (15) is the temperature gradient of the specimen, while in Eq. (16) is the heat flux between the specimen and the die. In the Ms region, near 400oC as shown in Fig. 4, the drop of specimen temperature slows down because of the released latent heat. In Eq. (15), the decreasing temperature gradient Ti-1 - Ti results in the decreasing IHTC h. As explained in the previous paragraph, changes in thermophysical properties, transformation induced plasticity, volume expansion and surface relief etc all occur during phase transformation. Using the specimen temperature alone does not precisely reflect the complex heat transfer near the Ms point. On the contrary, using heat flux is better because the heat flux involves both the specimen and the die. Furthermore, the heat flux is used as boundary condition to solve the nonlinear temperature field (temperatures at 2 mm, 4 mm and 6 mm below the die surface). Although the temperature gradient of the specimen decreases in the proximity of Ms point, the heat flux does not drop that much (Fig. 11). Therefore, the IHTC calculated by Eq. (16) continues increasing near the Ms point.  
To evaluate the accuracy of the IHTC calculated by the three methods, the experiment was simulated by finite element code Abaqus. The measured specimen temperatures and simulated specimen temperatures using the IHTC values identified by the three methods are plotted in Fig. 12. The comparison reveals that the simulated specimen temperatures using the IHTC identified by the Beck's method conform to the measurement the best. The IHTC identified by the heat balance method predicts the specimen temperatures reasonably well, especially in the beginning and ending stages of the quenching process, but fails to accurately predict the temperatures in the phase transformation region (from 400 oC to 200 oC). The single overall equivalent IHTC identified by the FEA method does not predict the specimen temperatures quite well, not even the trend.  
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Fig. 12. Comparison of measured and simulated specimen temperatures
To quantify the accuracy in predicting the specimen temperatures using the IHTC calculated by the three methods, the bar chart of error is plotted in Fig. 13. In addition to the standard error and average error that are expressed in temperature (oC), the percentage average error is also calculated. The accuracy of the three methods is ranked as: Beck's method with 3.7% error, Heat balance method with 7.5% error and FEM optimization method with 10.3% error.    
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Fig. 13. Error of simulated specimen temperatures
Since the IHTC identified by the Beck's method predicts the specimen temperatures with the highest accuracy, it is desirable to find out how the die temperatures are predicted. The measured and simulated die temperatures on the surface and 2 mm, 4 mm, 6 mm below the surface, in addition to the specimen temperatures, are plotted in Fig. 14. It can be seen that the die temperatures are predicted accurately as well.   
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Fig. 14. Comparison of measured and simulated specimen and die temperatures by the Beck's method
5. Conclusions

This paper presented three methods for calculating the Interfacial Heat Transfer Coefficient (IHTC) of 22MnB5 boron steel during hot stamping process. The experiment was numerically simulated using the IHTC identified by the heat balance method, the Beck's nonlinear inverse estimation method (the Beck's method) and the finite-element-analysis-based optimization method (the FEA method). Analysis and comparison of the measured and simulated temperatures lead to the following conclusions. 
The formula derived from the heat balance method can be used to calculate the IHTC although it does not accurately reflect the complex heat transfer during the phase transformation. Numerical simulation using the IHTC calculated by this simple and straightforward formula predicts the temperature field reasonably well, especially in the beginning and ending stages of the quenching process, but fails to accurately predict the temperatures in the phase transformation region.

The Beck's method is a robust and accurate method for identifying the IHTC in hot stamping applications. It can catch the complex happenings during martensite phase transformation such as the changes in thermophysical properties, transformation induced plasticity, volume expansion and surface relief etc. Numerical simulation using the IHTC identified by the Beck's method can predict the temperature field with very high accuracy.
Finite element code together with optimization code (like Abaqus with Isight) can be used to identify an optimal overall equivalent IHTC, but the single value IHTC identified by the FEA method predicts the temperatures with a much less accuracy.
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