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Abstract 

A possible alternative to the established press hardening steel 22MnB5 are hot formed martensitic chromium 

steels. Both strength and ductility of the martensitic chromium steels can reach very high values with 

appropriate heat treatments. Therefore, car body parts with high crash safety can be produced by hot forming 

martensitic chromium steels. To identify the formability of a sheet metal, forming limit curves are state of the 

art. Conventional forming limit curves are recorded at room temperature and do not adequately describe the 

forming capacity for hot sheet metal forming as it strongly depends on temperature. Therefore, in this paper, 

an experimental-numerical method for determining quasi-isothermal FLC at high forming temperatures is 

applied to the martensitic chromium steel AISI 420C (X46Cr13) for forming temperatures between 750-

1,050 °C according to its process route. The results show an increase of the formability with rising forming 

temperature with the highest at 1,050 °C. 

Keywords: Experimental-numerical material characterisation, Hot FLC, Hot sheet metal forming, Martensitic 

chromium steel 

1. INTRODUCTION 

The use of hot formed components has gained significantly in importance, especially in the automotive 

industry. This is due to the increasing demands on car body components in terms of weight reduction in order 

to reduce CO2 emissions or extend the range of electric cars, maintaining the same stiffness and also 

increasing crash safety. In this context, hot forming processes such as press hardening, were established for 

the production of structural parts [1]. In this process, usually manganese-boron steels are used, which are first 

austenitised in a furnace. In the next step, the blanks are transferred to a tool, in which the forming and 

hardening process is carried out. Press hardening can be used to produce high mechanical properties. 

Strengths of more than 1,500 MPa and elongations at fracture up to 7 % can be achieved using 22MnB5 [2]. 

Examples of press-hardened structural parts of the car body are the A- and B-pillar, roof frame, and tunnel. A 

possible alternative to 22MnB5 is the use of martensitic chromium steels such as AISI 420C (X46Cr13) in hot 

sheet metal forming. Hot forming with subsequent heat treatment of AISI 420C opens up the possibility to 

achieve high strengths with significantly higher elongation at fracture in contrast to press hardening of 22MnB5. 

Maximum tensile strengths of up to 1,850 MPa and simultaneously elongations at fracture of more than 12 % 

can be achieved [3]. A further advantage is the lower critical cooling rate to produce a martensitic 

microstructure [4]. Nowadays, FE simulations are often used as a numerical calculation method for designing 

press hardening processes. By simulating the press hardening process, the number of time-consuming and 

expensive practical tests in the design phase can be minimised. Within the FE simulation of press hardening, 

interactions between the thermal, mechanical and material-related parameters have to be taken into account 

[5]. In order to take fully advantage of the maximum formability of a process, it is of great interest to determine 

the moment of material failure during the numerical design of the press hardening process. The use of forming 

limit curves (FLC) is the state of the art for determining the forming limit of sheet metal materials [6].  
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2. FORMING LIMIT CHARACTERISATION AT HIGH TEMPERATURES 

2.1. State of the art 

FLC are currently used for simulation-based predictions of material failure due to necking or crack occurrence 

[7]. A FLC describes strain states in the sheet plane that can be tolerated by the material without failure while 

forming. The geometry of the specimens, the equipment, the execution and the evaluation of the tests to 

determine the FLC are specified in the international standard ISO 12004-2 for room temperature [8]. Nakajima 

experiments are one way of recording FLC. The test set-up for Nakajima experiments consists of a 

hemispherical punch with a diameter of 100 mm, a drawing ring and a blank holder. The aim of the test is to 

set and record the deformation under defined strain combinations using specimen geometries of different 

widths. Since the flow properties and the forming limit of a material both strongly depend on the forming 

temperature, conventional FLC do not adequately describe the forming limit of a sheet material during hot 

forming [9]. To perform temperature controlled FLC above 500 °C, various approaches can be found in 

literature, where modified Nakajima set-ups are used [10-12]. Based on the recorded data, it can be concluded 

that the forming limit rises with increasing temperature [13]. There are various challenges occurring in the 

performing of hot FLC experiments compared to the standardised testing at room temperature, which are 

solved in different ways in the literature leading to different result qualities. 

According to ISO 12004-2, a lubricant system consisting of a sandwich arrangement of PTFE foil, grease, soft 

PVC and again grease is recommended in order to reduce friction between punch and specimen and thus 

induce failure as close as possible to the pole tip [8]. This type of tribological system is not suitable, as the 

recommended lubricants are not designed for such high temperatures. Shi et al. used a mixture of graphite 

and molybdenum disulphide on the punch as a lubricant, but this led to a far off-centre failure [14]. Pellegrini 

et al. described two possibilities of lubrication [15]. In the first test series, a thin graphite foil was applied as 

lubricant between the punch and the specimen. In the second test series a punch with PVD coating based on 

AlCrN and additionally boron nitride was used. The digital image calculations indicated improved friction 

properties and a more centred failure of the specimen compared to Shi et al. [14]. Li et al. and Min et al. used 

a piece of asbestos paper between the punch and the specimen in order to reduce the heat transfer and 

minimise the cooling of the specimen [13,16]. Unfortunately, this led to bad friction conditions resulting in a 

crack appearance far from the centre of the specimen. 

A further problem is to ensure isothermal test conditions at elevated temperatures. The tool of Shi et al. could 

be heated up to a forming temperature of 800 °C in order to ensure an isothermal environment during the test 

[14]. The test carried out by Li et al. and Min et al. were performed with a cold tool, a forming speed of 30 mm/s 

and asbestos paper as isolation between punch and specimen [13,16]. The resulting problem was that the 

specimen was still in contact with the unheated blank holder as well as the die, thus losing heat. Furthermore, 

the increased forming speed compared to the standard of 1.0-2.0 mm/s from ISO 12004-2 [8] ensured a lower 

heat loss, but the failure behaviour of a material depends on the forming speed. The tools of the test rigs from 

Pellegrini et al. were heated to forming temperatures of up to 700 °C with heating cartridges in order to carry 

out the test isothermally [15]. In the described investigations, the maximum forming temperature while testing 

was 800 °C. 

In the standard for recording FLC at room temperature ISO 12004-2 it is recommended to record the forming 

during the test with an optical measuring system in order to determine the time of failure precisely and to 

calculate the strains occurring on the basis of the stochastic pattern (online measurement) [8]. Circular patterns 

were applied by laser by Shi et al. and by chemical etching by Li et al. and Min et al. [13,14,16]. The evaluation 

was then performed offline using the deterministic circle pattern. Pellegrini et al. sprayed a stochastic pattern 

of boron nitride on the specimen and performed the measurement online with the optical measuring system 

Aramis [15]. With increasing forming temperature, the online measurement becomes more problematic. The 

stochastic pattern must be heat resistant and usually more scale is produced at higher temperatures. The 
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temperature stability for spray paints is often exceeded after 500 °C. In addition, heat flicker increases with 

rising forming temperature, making online measurements more difficult. 

Therefore, for FLC determination above forming temperatures of 800 °C a new method is required considering 

isothermal testing conditions, an appropriate good tribological system and online measurement while testing. 

2.2. New method for determination of isothermal hot FLC 

To perform an isothermal FLC test, an experimental test set-up has been developed. The optical measuring 

system Aramis from GOM GmbH and the test apparatus with thermal container as well as gas pressure springs 

are installed in a servo-hydraulic forming simulator from the company Instron (Figure 1).  

 

Figure 1 (A) Isothermal hot FLC test set-up and (B) close-up of the thermal container 

The thermal container, shown schematically in Figure 2 A, consists of a punch, an upper as well as a lower 

vessel and serves to maintain the forming temperature. When carrying out the tests for AISI 420C, the 

specimen is heated first to 1,150 °C for 5 min in a furnace. The austenitisation temperature and time are 

defined based on the industrial process route to set the optimal mechanical properties of the material [17]. In 

parallel, the container is heated to a temperature above the forming temperature in another furnace. For 

example, a forming temperature of 750 °C requires a container temperature of 800 °C. After heating, the 

specimen is transferred to the thermal container in the other furnace and subsequently both are installed in 

the test device. The measured forming temperature after transferring the thermal container is in the considered 

example approx. 750 °C. Other forming temperatures are determined experimentally in the same way. The 

thermal container and thus the specimen are clamped by the gas pressure springs with a holding force FS of 

60 kN. The forming simulator moves the punch in the thermal container with a punch speed vP of 3 mm/s. 

During the experiments, the specimen deformation is measured by the optical measuring system GOM Aramis 

using a stochastic pattern of aluminium oxide powder on the specimen surface. Graphite foil is applied as a 

lubricant to reduce friction. Used specimen geometries are scaled standard Hasek specimens shown in 

Figure 2 B [18]. 

Due to the high austenitisation temperature of 1,150 °C, the heat resistance of a conventional stochastic 

pattern by spray paint was exceeded. Therefore, an aluminium oxide powder has to be used to apply the 

pattern. In order to withstand the heat treatment, the stochastic pattern could only be applied roughly and 

hence only large facets can be used for the calculation of the FLC by digital image correlation. However, the 

strain calculation depends on the facet size, so that large facets underestimate the occurring strains. The 

displacement in z-direction, on the other hand, is relatively independent of the facet size. Therefore, the 
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calculation of the major and minor strains was done using a numerical model. A digital twin is created with the 

FE software Simufact Forming 16. The geometry of the model is based on the dimensions of the thermal 

container and the associated boundary conditions are derived from the experiments. The experimental z-

displacement at failure sP for each specimen geometry measured by the optical measurement system is used 

in the simulation for defining the moment of material failure. The simulation model and the experimental-

numerical FLC determination are shown more detailed by Stockburger et al. in [19]. Major and minor strains 

are analysed in each specimen geometry to create the hot FLC. With this test set-up and determination 

method, it is possible to record quasi-isothermal hot FLC at very high temperatures above 1,000 °C. By this 

means, the forming limit of AISI 420C for a forming temperature of 750-1,050 °C has been characterised. 

 

Figure 2 (A) Schematic illustration of the thermal container and (B) used hot FLC specimen geometry with 

widths in mm 

3. RESULTS AND DISCUSSION 

Figure 3 A shows specimens of different widths after testing with graphite foil as lubricant at a forming 

temperature of 900 °C. In addition, a tested specimen without lubricant is depicted. The crack occurs centred 

for all specimens with lubrication and particularly centred for the specimen with a width of 160 mm in 

comparison to the specimen without lubricant due to a better tribological system. The temperature in the middle 

of the specimen surface during forming was measured with an infrared sensor. Temperature over time curves 

are pictured exemplary for the specimen with a width of 50 mm for two retries in Figure 3 B. After the specimen 

gets into contact with the punch (approx.1 s), the temperature rises slightly and remains almost constant until 

the end of testing. 

The determined major and minor strains using the experimental-numerical method are illustrated in Figure 4 A 

for the five examined specimen geometries of AISI 420C in 1.5 mm. Furthermore, hot FLC for forming 

temperatures of 750 °C, 900 °C and 1,050 °C are calculated based on this data. The curves are also presented 

in Figure 4 A. It can be identified that the forming limit is the highest at 1,050 °C and is reduced with lower 

forming temperature. Interestingly enough, the major strain at 1,050 °C and 900 °C is almost constant for the 

specimens with widths of 95 mm and 160 mm. Usually, for FLC at room temperature a rise from the area of 

plain strain to biaxial tension can be observed [20]. It is assumed that the major strain is underestimated for 

the specimens with widths of 95 mm and 160 mm, because the friction system is not as good as at room 

temperature, which has a higher influence for these specimens. The hot FLC can be plotted as a 3D surface 

function (Figure 4 B), which illustrates the influence of the forming temperature well and can be used in a 

numerical simulation as failure criterion. Compared to literature, improved lubrication and thus more centred 

failure of the specimen is achieved. However, the friction system is still not as good as at room temperature 

by ISO 12004 [8]. Although online strain calculation is not possible as suggested in [8], the moment at which 
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the specimen fail is determinable using online measurement leading to a higher precision than offline 

measurement. Nevertheless, by using a heated thermal container, it is possible for the first time to record FLC 

isothermally for temperatures over 1,000 °C. 

 

Figure 3 (A) Hot FLC specimen after testing with as well as without lubrication and (B) measured 

temperatures at the specimen surface for the hot FLC specimen with width of 50 mm while forming 

 

Figure 4 (A) Experimental-numerical hot FLC of AISI 420C in 1.5 mm for forming temperatures of 750 °C, 

900 °C as well as 1050 °C and (B) 3D mapping of the hot FLC as surface function 

4. CONCLUSION AND OUTLOOK 

This study presents an experimental-numerical method for determining FLC at high temperatures. Quasi-

isothermal FLC tests for AISI 420C in 1.5 mm thickness were performed between 750-1,050 °C. The strains 

at failure were calculated numerically and hot FLC were generated based on the results of the digital twins. In 

the following work, the material data will be implemented in a simulation model the design of hot forming 

processes and the hot FLC will be validated by experimental hot sheet metal forming tests. 
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