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Abstract 

It has been recognized in automotive sector that the use of hot stamped parts for the automobile body-in-white allows significant 

weight saving and reduction of CO2 emissions. The weight reduction is accompanied by high stiffness and increased 

crashworthiness, which improve the passengers’ safety and allow the development of more complex vehicle’s design. 

In direct hot stamping, the 22MnB5 sheets are heated above the austenitization temperature, and then, formed and quenched in 

cooled dies by using a minimum cooling rate of 27°C/s in order to obtain the direct martensitic transformation from the initial 

austenite. To evaluate part feasibility, minimize production cost and improve process robustness in hot stamping, numerical 

simulations are becoming increasingly important, where data regarding the formability of the material at high temperature plays a 

central role in the simulation. A survey of the literature shows that the complex aspects of the process have been extensively 

investigated from an experimental point of view, but limited studies concerning the numerical modeling of the process can be 

found.  

The aim of the present paper is to explore the critical aspects of the numerical modeling in terms of material formability in hot 

stamping. Numerical simulations of hot Nakajima tests at the critical temperature of 600°C were performed by using explicit 

numerical method, while experimental tests are carried out in the same condition. The comparison of the numerical results and the 

experimental data demonstrates the influence that the thermal cycle applied during the experimental tests may have, since it governs 

the phase transformations that affect the material formability. 
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1. Introduction 

The key point of the direct hot stamping process is to use the phase transformation to increase the mechanical 

properties of the material. This allows to increase the strength of the parts, while reducing part weight of the body-in-

white, the automotive industry has followed the trend in the past years [1]. 

The success of the hot forming process is given by the control of a large number of parameters. It has been 

demonstrated that the initial microstructure of the blank can influence the final mechanical properties of the blank 

after the thermal treatment [2]. A correct heating process generates  homogeneous transformation from the initial 

microstructure to austenite; both the austenitization temperature and the soaking time at that temperature are important 

to generate the complete transformation of the initial microstructure [3] and their careful combination is fundamental 

to control the austenitic grain size [4], which then affect the grain size, and the mechanical properties, of the final 

martensite or bainite-martensite phase. In the same way as the heating and soaking steps, the transfer of the blank 

from the oven to the forming stage is to be set in order to avoid an excessive cooling of the blank, because the full 

austenite microstructure is required while the blank is formed: the austenite phase is more formable than martesite or 

bainite [5, 6] so the final shape can be reached without the failure on the blank. The importance of a fast transfer time 

lies also in the fact that the mechanical load applied during the forming stage can anticipate the phase transformation. 

The Continuous Cooling Transformation (CCT) curve of 22MnB5 is largely modified when a strain or a stress is 

applied to the piece [7, 8] and this means that the deformation can occur when the material microstructure is evolving 

from austenite to bainite, with a drastic change of the mechanical properties [9]. The strain-stress flow curves 

demonstrate a change in the slope, with differences in the stress values that can reach over 200 MPa. In these 

conditions the final piece can present cracks or defects, and the final microstructure can present a mixture of phases, 

with areas where a large quantity of residual austenite is present, which lead to very weak spots in the part. 

Within this framework, the aim of the paper is to investigate the influence of microstructure on the 22MnB5 may 

have on the material formability when different percentages of austenite and bainite are present, Nakajima tests are 

taken as references, where the Forming Limit Diagrams (FLD) are  obtained from the tests. For this purpose, an 

accurate thermal calibration was studied and then a series of Nakajima [10] tests were performed. The evolution of 

microstructure during the test was investigated by means of numerical models developed in the LS-Dyna environment 

with the material model 244_UHS_STEEL. The basic constitutive model of Mat_244 is based on the model proposed 

by P. Akerstrom [11, 12]. This material model is mainly suited for hot stamping processes where phase transformations 

are crucial [13]. 

2. Experimental Procedure 

The hot Nakajima tests were performed on 1.5(±0.1) mm thick 22MnB5 sheets. In this study, three geometries 

were considered according to the ISO 12004-2-2008 standard [14], in order to have the three fundamental points of 

the FLD. Fig. 1(a) shows the specimens geometry, namely the 30 mm width, to reproduce the uni-axial stress state, 

the 100 mm width, for the plane stress state, and the 200 mm width, for the axi-symmetric stress state. Fig. 1(b) shows 

the experimental apparatus used for the hot Nakajima tests. The specimen is fixed between the die (2) and the blank 

holder (3). The punch (1), equipped with electrical cartridge heaters that allows heating it up to the maximum 

temperature of 900(±15) °C, is pre-heated at the same temperature at which the test takes place to ensure the specimen 

deformation under isothermal conditions. For the purposes of this investigation, the punch was kept at a constant 

temperature of 600(±8) °C, which is also the temperature chosen to perform the Nakajima tests. The blank is heated 

thanks to an inductor head (6), mounted on a pneumatic system which allows the movement of the copper head both 

in the horizontal and the vertical directions, to ensure the correct displacement and proper heating of the specimen. 

Three different inductor heads were used, as shown in Fig. 1(a), to avoid the edge effect, which causes the edges of 

the specimen to be hotter than the center, creating a preferential area where the fracture initiates. The temperature of 

the specimen is controlled by a type-K thermocouple (4) spot-welded in different points of the sheet surface, where 

the deformation occurs. In the same time, the temperature of the punch is controlled by two type-K thermocouples 

inserted in the punch as close as possible to its hemispherical surface. The strain field in the sheet during deformation 

was measured using the GOM-ARAMIS™ optical system (5), made of two cameras and equipped with a proper 
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lighting equipment, providing the possibility to display 3D-coordinates of the surface by means of a stochastic pattern 

previously applied to the sheet metal and capable of resisting high temperature. 

Fig. 1: (a) Specimens geometries and inductor heads used, (b) Nakajima test equipment. 

The thermal cycle applied during the tests is shown in Fig. 2(a)-(c): after the heating at 3(±0.5) °C/s from room 

temperature to the austenitization temperature (Taust) 950°C, the specimen was kept at this temperature for 360 s and 

then cooled down at 80(±0.5) °C/s, by means of the air nozzles (7), to 600(±8) °C. To calibrate the soaking time to be 

set in the different Nakjima test conditions, the TTT curve at 600°C of 22MnB5 had to be obtained, in order to define 

the correct thermal cycles that has to be applied. The curve was obtained from a series of test in Gleeble 3800™ 

simulator equipped with a dilatometer. The specimen was heated up to 950°C, then cooled very fast (>100(±0.1) °C/s) 

to 600(±5) °C and it was kept at constant temperature for 360 s. From the data registered with the dilatometer, the 

curve shown in Fig. 2(d) was obtained. 

Then, three different conditions are tested according to the saturation curve shown in Fig 2(d): 

1. 100% austenite: after the cooling stage, the specimen is kept at 600(±8) °C for 5 s before the test, as 

shown in Fig 2(a); 

2. 50% austenite – 50% bainite: after the cooling stage, the specimen is kept at 600(±8) °C for 30 s before 

the test, as shown in Fig 2b and according to the saturation curve shown in Fig 2(d); 

3. 100% bainite: after the cooling stage, the specimen is kept at 600(±8) °C for 200 s before the test, as 

shown in Fig 2(c). 

The strain rate selected was 1 s-1; each geometry was tested 5 times and the FLD points here reported are the mean 

values. The choice to select three different percentage of austenite and bainite in the specimen stands on the 

understanding of the differences in the formability when the piece is deformed in pure austenite phase, or when the 

deformation occurs later, when the austenite evolves in a tougher phase, such as bainite.  
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Fig. 2: a) Thermal cycle applied for 100% austenite tests, b) Thermal cycle applied for 50% austenite-50% bainite tests, c) Thermal cycle applied 

for 100% bainite tests, d) Saturation curve for the transformation of austenite to bainite at 600°C.  

3. Numerical Model 

A series of simulations in the LS-Dyna environment were set reproducing the experimental Nakajima tests carried 

out in laboratory. The material model MAT_244_UHS_STEEL was used, because it allows the simulation of the 

phase transformation of the steel according to the model proposed by Akerstrom [11, 12]. The material model allows 

the implementation of rheology data, such as the Young modulus of the material, the Poisson’s ratio, the flow curves 

of the pure phases involved, and data relatives to the steel, such as the weight percentage of the elements in the steel, 

the thermal expansion coefficient for austenite and martensite, the latent   heat   for   the   decomposition   of  austenite 

into ferrite, pearlite, bainite and martensite, the activation energy divided by the universal  gas  constant  for  the  

diffusion reaction  of  the  austenite-ferrite, austenite-pearlite and austenite-bainite   reactions, the austenitic grain size 

and the constant Alpha for the transformation of austenite in martensite, describing the final percentage of martensite 

after transformation. The start temperature of the phase transformations, namely the ferrite start temperature (Fs), the 

pearlite start temperature (Ps), the bainite start temperature (Bs), and the martensite start temperature (Ms) are obtained 

according to the chemical composition of the elements in the steel, as shown in Eq. (1) to (4) [13]. 

Fs = 1185−(203×√C)−(15.2×Ni)+(44.7×Si)+(104×V)+(31.5×Mo)+ 

     +(13.1×W)−(30×Mn)−(11×Cr)−(20×Cu)+(700×P)+(400×Al)+(120×As)+(400×Ti)   (1) 

Ps = 996−(10.7×Mn)−(16.9×Ni)+(29× Si)+(16.9×Cr)+(290×As)+(6.4×W)   (2) 
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Bs = 910−(58×C)−(35×Mn)−(15×Ni)−(34×Cr)−(41×Mo)   (3) 

Ms = 812−(423×C)−(30.4×Mn)−(17.7×Ni)−(12.1×Cr)−(7.5×Mo)+ 

      +(10×Co)−(7.5×Si)    (4) 

The chemical composition considered was taken from the work of Akerstrom [11] and it is reported in Table 1. 

Table 1: Chemical composition of 22MnB5 implemented in the simulation [11]. 

B % C % Cr %  Mn % Si % P % 

0.003 0.23 0.211 1.25 0.29 0.013 

 

The phase distribution during cooling is calculated by solving the following rate equation for each phase transition  

Ẋk = gk(G, C, Tk, Qk) fk(Xk) k = 2,3,4   (5) 

Where gk is a function, taken from Li et al. [15], dependent on the grain number G, the chemical composition C, 

the temperature T and the activation energy Q. The numbers 2, 3, 4 of the k parameter represents the ferrite, pearlite 

and bainite phase respectively. Moreover, the function f is dependent on the actual phase Xk = xk / xeq 

fk (Xk) = Xk
0.4(Xk-1)(1-Xk)0.4(Xk) k = 2,3,4   (6) 

The true amount of martensite, x5, numbered as 5 representing the martensite phase, is modeled by using the true 

amount of the austenite left after the bainite phase:  

x5 = x1 [1 – e-α(Ms-T)]    (7) 

Where x1 is the true amount of austenite left for the reaction (number 1 represents the austenite phase), and α is a 

material dependent constant. 

According to [16], the best values to represent the friction are 0.25 for the static friction coefficient and 0.1 for the 

dynamic friction coefficient. The thermal cycle applied in the simulation is the same used in the experimental cycle, 

in order to represent more accurately the temperature profile distribution in the specimens.  

4. Results and Discussion 

The formability at fracture of 22MnB5 sheet were determined from the GOM-ARAMIS™ data, which describe 

the experimental strain paths for the three different geometries tested. The final FLD points are the mean values of the 

major and minor strains at fracture of the five tests repeated for each geometry and conditions, and the error was 

determined using the standard deviation. The values of the major strain of the FLD points plotted in the diagrams in 

Fig. 3 are all normalized. Since no fracture criteria is implemented in the numerical simulation, the numerical FLD 

points were determined considering the stroke at fracture from the experimental tests. In Fig. 3(a) the experimental 

FLD curves, relative to the three conditions tested, are showed. The higher formability is reached when the specimen 

is in pure austenite phase, as expected. The formability drops of about the 40% when the tests are performed in pure 

bainite phase. The curve in the middle, relative to the case 50% austenite and 50% bainite does not stand right in the 

middle between the others: this can be explained by the fact that during the deformation, the phase transformation 

continues, even accelerated by the applied strain/stress, so the final percentage of the two phases cannot be maintained 

exactly balanced. This also affect the experimental error, as described by the error bands in the plot, which represent 

the standard deviation from the average value. The differences among the three curves stands also in the minor strain 

values, which is about the 30% lower in the case of pure bainite compared to the other tested conditions. This means 

that the piece is more likely to fail if the strain path which describes the deformation is too severe. Similar behavior 
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was seen comparing FLD at different temperatures, where the lower the testing temperature the lower the material 

formability due to the microstructural modifications [16]. 

Fig. 3: a) Experimental normalized FLD curves, b) Experimental and numerical FLDs for 100% Austenite, c) Experimental and numerical FLDs 

for 50% Austenite – 50% Bainite, d) Experimental and numerical FLDs for 100% Bainite.  

Fig. 3(b), 3(c) and 3(d) show the comparison between the experimental and the numerical FLDs. The fitting for the 

cases in pure phase, both austenite and bainite, is good, while the fitting for the mixed phase FLD is less good. This 

is because the LS-Dyna material model 244 cannot simulate the phase transformation in condition of constant 

temperature, so the software cannot follow the evolution of the microstructure during the deformation of the specimen.  

5. Conclusions 

In this paper the influence of the microstructure on the formability of 22MnB5 was investigated, both through 

experimental tests and numerical simulations with following conclusions: 

 The formability when the specimen is in pure austenite phase is the highest among the three conditions 

tested, and this is in agreement with the literature.  

 The formability when the specimen is in pure bainite phase is the lowest, in particular the major strain 

drops of about the 40% and the minor strain drops of about the 30% in respect with the pure austenite 

case. 
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 The case representing the 50% Austenite – 50% Bainite does not stand in the middle between the other 

two curves, because, when the fracture occurs, the phase mixture in the specimen is not exactly 50-50%. 

This is due to the fact that the microstructural evolution continues during the deformation of the piece. 

 The fitting between the experimental data and the numerical data is good for the two cases in which the 

specimen is in pure phase but, since the material model 244 cannot simulate the phase transformation in 

isothermal condition, it cannot follow the evolution of the microstructure during the deformation, leading 

to a less refined fitting. 
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