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Abstract 

For the reduction of the environmental footprint of Heavy-Duty vehicles (HDV), lighter chassis 

components can be considered. A lighter HDV chassis gives the opportunity of lower fuel consump-

tion, increased payloads, and savings of material resources. One way of achieving this, is to reduce 

thicknesses of components in combination of using higher strength steels. For the aim of forming 

UHSS into complex geometries the need to characterize thick sheet metal at elevated temperatures 

arises. This work aims at expanding earlier research of characterization of thinner sheet metal and 

create a testing methodology for tensile tests of 7 mm thick steel sheets at elevated temperatures. An 

experimental methodology for evaluating high strength steel under warm conditions have been de-

veloped and demonstrated. 

A Digital Image Correlation system is used to extract strain fields for all three testing temperatures. 

This together with an automatized induction system pre-defined temperature cycles are applied. 

When the desired Hollomon-Jaffe constant is obtained the tensile test is executed. The methodology 

shows promising results with good repeatability of stress-strain curves. The methodology shows 

good stability and are promising for future development and investigations of high strength steels 

under warm forming conditions.  

1 Introduction 

According to the European Commission, the greenhouse gas (GHG) emissions from road transport 

must be reduced by 60% with respect to 1990 levels by 2050 to meet the goal set by the Transport 

White paper [1]. In the road transport sector passenger cars stands for the main part of the emissions. 

Heavy Duty Vehicles (HDVs) including trucks, busses and coaches make up around 26% of the total 

CO2 emissions of the road transport sector [2]. The European Commission has identified that im-

proving the energy performance of vehicles, developing sustainable propulsion systems and fuels, 

are key components to reach the 2050 goal [1]. One way for the HDVs sector to move closer to the 

2050 goal is to optimize the energy performance and more specifically reduce the dry weight of the 

vehicles to allow for reduced fuel consumption and/or improved freight weight. 

One way to reduce the weight of the HDVs is to introduce Ultra High Strength Steels (UHSS) for 

the chassis structure and by that reduce the thickness of chassis components. The relatively limited 

ductility of UHSS in a cold state in comparison to conventional steels drives the need of exploring 



   

 

   

 

alternative forming methods. One interesting approach is warm forming, which the RFCS funded 

project WarmLight strives to investigate further. 

Methods for evaluation of thin steels sheets with the use of Digital Image Correlation (DIC) have 

been presented earlier by for example Golling et al.[3], [4]. Where the authors characterized the 

ductile fracture properties of quench-hardened boron steel. Golling et al.[5] also investigated the 

effect of loading rate on fracture toughness of AHSS steel grades. Sjöberg et al.[6] developed a 

methodology to characterize 1.6 mm tick Alloy 718 at elevated temperatures. This paper is focusing 

on expanding previous research and develop a methodology for mechanical characterization of ma-

terial with larger thickness at elevated temperatures. The aim of the paper is to present a thermo-

mechanical testing methodology that can be used as a base for investigating formability limits and 

fracture behaviour of the material. 

2 Experimental procedure 

2.1 Fabrication of specimens 

The material used to study the tensile properties at elevated temperature is the 7 mm thick WARM-

LIGHT-980 (WL980) from voestalpine, which is a prototype steel grade developed for warm form-

ing applications. The WL980 steel is based on a fully martensitic steel, which is produced by direct 

quenching. The thermal history used during the production process is designed to produce a micro-

structure which gives a yield strength greater than 980 MPa at a cold state after forming. The Hol-

lomon-Jaffe parameter is a tempering parameter that states that the same tempering can be achieved 

with a low temperature and a long holding time or with a higher temperature and shorter holding 

time. To achieve the right tempering of the steel, the Hollomon-Jaffe parameter [7] is considered for 

the heat treatment of the material during the testing. The aim of the testing was to mimic the condi-

tions of the real forming process.  

The geometry used for the tensile tests were straight specimens with a cross section of 7x7 mm and 

a parallel length of 70 mm. The specimen dimensions can be seen in . The rough outline of the 

specimen was laser-cut. The final machining was done with wire cut Electrical Discharge Machining 

(EDM) to obtain fine tolerances and a minimal heat affected zone. The specimen was then sand-

blasted with a mixture of aluminium oxide and glass beads. After sandblasting, a fine speckle pattern 

was created over the area of interest with a boron-nitride spray coating. 

2.2 Tensile Tests 

The tensile test was performed on a standard servo-hydraulic testing machine of the type Dartec 

M1000/RK with a maximum load capacity of 250 kN. The control mode of the machine during the 

test was set to constant speed, and the crosshead speed of the lower crosshead was set to 6 mm/min. 

The force acting upon the load cell was recorded with the software Instron WaveMatrix V.1.3.6. A 

Digital Image Correlation (DIC) system was used as an optical extensometer to record the elonga-

tion. A measurement length of 50 mm was used for the tests 

 



   

 

   

 

 
Figure 1: Dimensions of the tensile test specimen, dimensions are in mm 

 

2.3 Digital image correlation 

A DIC system which consisted of Baumer TXG50i camera sensors and GOM Aramis v6.3 software 

were used to capture the local displacements of the specimens. The lenses used for the Baumer 

sensors were Sigma 50 mm f/2.8 DG Macro. The displacement fields from the measurements, were 

then evaluated using the Aramis software to obtain extensometer data as well as to obtain the local 

strain fields over the measurement length of the sample. 

2.4 Heat treatment cycle 

The heat treatment of the specimen was performed with a EDF Sinac 5 SH induction heater. The 

control and programming of the heater is done via a Eurotherm 3504 PID-controller. The induction 

heater was mounted to the Dartec testing machine to enable heating of the specimen when mounted 

to the grips. The heating system was also supported by an active cooling component using com-

pressed air, governed via a PID controller with a pneumatic solenoid valve. The measurement of the 

temperature during the heat treatment and subsequent tensile test was performed with a thermocou-

ple positioned at the middle of the specimen. The thermocouple additionally acted as a control input 

for the PID-controller. To capture the heat distribution over the specimen a FLIR ThermoVision 

SC4000 IR-camera was used. The IR-camera was set-up to capture images in synchronization with 

the DIC-system. 

 

The tests were designed to reach a final yield strength of 980 MPa, this was achieved by using a 

Hollomon-Jaffe parameter of 16077. The required Hollomon-Jaffe parameter was supplied by 

voestalpine. The basic approach to calculate the Hollomon-Jaffe constant under iso-thermal condi-

tion is with the equation 

 

 𝐻 = 𝑇(𝑐 + log 𝑡) (1) 



   

 

   

 

Where T is the absolute temperature in Kelvin, t is the time in hours and c is a constant. To account 

for non iso-thermal conditions, there is the accumulated Hollomon-Jaffe approach, which is ex-

plained in [8]. For the experiments, the accumulative Hollomon-Jaffe parameter was used to account 

for temperature ramp up phase as well as the cooling phase of the specimen. The test was performed 

at three different temperatures, 430, 505 and 580 degrees Celsius. Where all specimens received the 

same heat treatment prior to start of a tensile test. The thermal history for the different temperatures 

is shown in Figure 2.  

2.4 Testing system 

For increased repeatability and manageability, all the different sub-systems were integrated with 

each other, by that automatization of the tests could be achieved. The central part of the testing 

system was the PID-controller which not only directly controls the induction heater by controlling 

the power output, the PID-controller also controls the solenoid for the active cooling. Furthermore, 

the PID-controller trigger the universal testing machine and the IR-camera. The control software of 

the universal testing machine handles the trigging of the DIC system. The temperature of the speci-

men seen by the PID-controller were sent over modbus to a PC which handled the temperature log-

ging with a National Instruments LabVIEW program. Modbus is a serial communications protocol 

Figure 2: Temperature history for the tensile test specimen 

that is used for communication between electronic devices.  The experimental set-up with IR-cam-

era, DIC-camera, universal testing machine, induction heater and PID-controller are shown in Figure 3. 

 



   

 

   

 

3 Results and discussion 

The resulting tensile properties of WL980 steel grade at an elevated temperature of 430 ℃ show a 

yield strength (Rp0.2) of 830 MPa, Ultimate Tensile Strength (UTS) of 896 MPa and a logarithmic 

fracture strain of 9.8%. At 505 ℃ the Rp0.2 fell by 8% to 764 MPa, UTS was reduced by 9.6% to 

810 MPa and the fracture strain decreased to 9.5%. At 580 ℃ the Rp0.2 fell by 27,6% to 601 MPa, 

UTS was reduced by 27.1% to 653 MPa. All in comparison with the test at 430 ℃. Fracture strain 

increased to 12%. The tensile properties are presented in . Stress-strain curves for the different tem-

peratures are shown in Figure 4. 

 

Temperature (℃) Rp0.2 (MPa) UTS (MPa) Fracture strain (%) 

430 830 896 9.8 

505 764 810 9.5 

580 601 653 12 

Figure 3: Experimental set-up, 1) IR-camera 2) DIC-camera 3) universal testing machine 4-5) induction heater 
                6) PID-controller 

Table 1: Tensile properties of WL980 steel grade at elevated temperatures. 



   

 

   

 

  
a) b) 

 
c) 

Figure 4: True stress vs. logarithmic strain plots for a testing temperature of a) 430 ℃, b) 505 ℃ and c) 580℃ 

 

Tests at 430 ℃ and 505 ℃ indicated good repeatability between the tests, an indication that the 

testing methodology is robust, in terms of repeatability of the heat treatment and heat distribution 

over the specimen during the tensile tests. For 580 ℃ results are not as consistent and the third 

repetition clearly shows a deviation of the mechanical response. This occurred as the thermocouple 

lost contact with the specimen during the test and hence the induction heater turned off and the 
specimen started to cool down before the test was completed. The deviation started well after the 

point of UTS, and the repetition was therefore included for the calculation of Rp0.2 and UTS but 

excluded from calculations for failure strain. 
 

The methodology allows for recording of the local strain field at the sample surface. During these 

tests, a 2D DIC set-up was used, but it is easily extended to 3D to retrieve information in the depth 

dimension and thus receive a higher accuracy for thick specimens. From the DIC-system plots of 

the strain field was extracted at three distinct positions. 0.4% elongation, elongation at UTS and 

7.7% elongation. Plots of the strain fields are presented in Figure 5.  



   

 

   

 

Figure 5:  Logarithmic strain fields at the different test temperatures a) 430 ℃, b) 505℃ and c) 580 ℃. In each picture we 
  have from left to right: 0.4% elongation, elongation at UTS and 7.7% elongation. Elongations are measured 
  with the optical extensometer 

4 Conclusions 

The presented methodology shows promising results for mechanical characterization of thick UHSS 

material at elevated temperatures. In this work, parameters for forming is investigated, focusing 

especially on UTS, RP02 and fracture strain.  For temperatures of 430 ℃ and 505 ℃ the test shows 

good repeatability between repetitions. For the highest temperature of 580 ℃ the methodology failed 

for one test, but the approved tests show good repeatability. Furthermore, the methodology shows 

stable results and will be expanded for future tests with 3D-DIC to increase the accuracy of the strain 

fields for thick steel sheets at warm forming conditions. In conclusion the methodology shows prom-

ising results for future investigations of mechanical properties at elevated temperatures. 
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