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Abstract. DP steels were extensively used in the vehicles industry due to its extraordinary combined properties of 

strength, ductility, formability and weldability which contributed great significance in reducing strength to weight 

ratio and CO2 emission. High strength steel i.e. DP steels (3 different grades) were experimentally investigated and 

thermophysically simulated using Gleeble 3500 simulator to determine softening and hardening in heat affected 

zone. Samples were heated to different peak temperatures (1350 °C, 950 °C, 775 °C and 650 °C), two cooling time (t8.5/5 

= 5 s and 30 s) and Rykalin 2D model were selected.  The hardness and microstructure of the specimens were tested 

and analysed. For longer cooling time (t8.5/5= 30 s), we observed that softening occurs in all grade of investigated DP 

steels to all sub-regions. But for shorter cooling time i.e. t8.5/5= 5 s the softening is higher in intercritical HAZ compared 

to other sub-regions for all the types of DP steel with short cooling time (t8.5/5 = 5 s). However, the hardening zone in 

the CGHAZ occurs when Tmax is 1350 ºC for DP600, DP800 & DP1000 steels but it is more prominent in DP800 as 

compared to others two steel grade. 

Keywords. Dual phase steels, Physical simulation (Gleeble 3500), Heat affected zone (HAZ), Ryaklin 2D model, t8.5/5 

cooling times. 

Introduction 

DP steels are a group of low-carbon micro-alloyed steels and the term ‘dual phase’ indicates that the 

steel has two distinct phases, i.e., martensite and ferrite [1]. DP600, DP800 & DP1000 is called DP 

(Dual Phase), the "double - phase" fabric structure of the steel, while the 600,800 & 1000 refer to the 

required minimum guaranteed value of tensile strength in MPa [2]. Martensite is a very hard phase 

with body-centered tetragonal structure, while ferrite is a relatively soft phase with a body centered 

crystal structure [3]. This microstructure with ferritic grain matrix and martensite islands have 

considerable amount of bainite depending on the process route and steel composition of hot rolled 

strips. [4]. Therefore, DP steels possess high strength and good ductility properties [5,6], excellent 

energy absorption during impact [7,8,9]. The DP steels are used in car body, safety parts, and chassis 

[10-11]. The chemical composition of DP steels is low carbon content, minimal alloying elements and 
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low S, P, O and N content. The average C content of different grades of DP steels varies between 0.1 to 

0.15%. As we know, the C content is important for DP steels as martensite besides its volume ratio, to 

strengthen DP steels. The disadvantage of increasing C content, to reduce the weldability, reduce the 

impact and increases the transition temperature and therefore in industrial practice the DP steels with 

a C content of less than 0.15% were widely used. For the strength, the Mn content of DP steels 

increases and resulted in fine dispersion of martensite leading to higher tensile strength and good 

ductility. The usual amount of Mn is 0.5-2.0% concentrate [12]. Depending on martensite volume 

fraction, the tensile strength (Rm) ranges from 500 to about 1000 MPa, and total elongation amounts to 

12–34 %. The dual-phase structure of these steels results in adequately low yield stress (Re) and high 

ultimate tensile strength (Rm), allowing for obtaining sufficiently low Re/Rm ratio. Soft ferrite facilitates 

the beginning of plastic deformation, while hard martensite increases the strength of steel [13,14,15]. 

DP steels show high strain-hardening coefficient n, which determines the maximum allowable stretch 

of sheets. A higher n-value compared to a lower one means a deeper part can be stretched. 

Microstructural internal stresses occurring during martensite formation increase the density of mobile 

dislocations that facilitate the beginning of plastic deformation and prevent from the occurrence of 

discontinuities at the physical yield point [16]. 

The automotive sheets are mostly joined by some kind of resistance and arc welding process, or in 

some special cases (e.g. in the case of poorly weldable or non-weldable materials) by joining methods 

belonging to the welding related technologies. As a result of innovations and developments in recent 

years, among automotive joining technologies we can observe the application and slow expansion of 

processes such as adhesive bonding, soldering and various mechanical methods (riveting, clinching, 

etc.) [17]. 

In this paper, three different grade of DP steels were compared for hardening and softening 

mechanism that occurs in all four different sub-zones HAZ of thermophysically simulated specimens. 

In addition, different heat inputs have different effects on softening and hardening of simulated 

specimens [18]. Several experimental studies shown that the higher the strength grade of high 

strength steel is, the more severe the softening take place. Softening of HAZ decreases the strength, 

plasticity, formability and fatigue performance of the welded joint [19-20], which affects service 

performance. Due to global environment, climate change and fuel crisis, the demand for lightweight 

vehicles has increased over the last few decades [21-22]. This approach played the important role in 

development of high strength steel like DP steels etc. with higher strength [23], better formability (A 

measure of formability is the product of strength and uniform elongation) [24] and good weldability as 

compared to the conventional steels for the same strength with greater reduction of weight [21,25, 

26,27]. Also, companies around the globe are continually advancing the state of the art of these alloys 

in terms of finetuned composition, heat treatments, and coating technologies [28]. 
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Experiment Details 

A Gleeble 3500 thermomechanical simulator was used to simulate the welding thermal cycles of all the 

sub zones of the heat-affected zone for Gas Metal Arc Welding (GMAW) of DP steel. Square base 

specimen (1 mm x10 mm x 70 mm) were prepared and subjected to thermal cycles. The thermal cycle 

parameters were selected according to the possible procedures during the gas metal arc welding. In 

order to simulate the sub-zones of the heat-affected zone [29,30], samples were heated to different 

peak temperatures (1350 °C, 950 °C, 775 °C and 650 °C), two cooling time (t8.5/5 = 5 s and 30 s) and 

Rykalin 2D model were selected. By using inbuilt software with thermophysical simulator, QuikSim 

software, program was created providing given material mechanical properties and some desired 

input parameters [31]. Heating rate for physical simulation is considered as 500 °C/sec and holding 

time at peak = 0.1 sec. The energy input for shorter (t8.5/5 = 5 s) and longer cooling time (t8.5/5 = 30 s) 

were given as 0.88 kJ/cm and 2.16 kJ/cm respectively.  

The programmed HAZ thermal cycles for the two technological variants 5 s and 30 s are shown in Figs. 

1a-b respectively. Due to the time-consuming procedure of determining and testing the HAZ of real 

welded samples, HAZ physical simulation provides an attractive alternative by enabling the reliable 

simulation, characterization and testing of different HAZ subzones [32,33,34]. 

      
Figure 1. Thermal cycles (a) t8.5/5 = 5 s and (b) t8.5/5 = 30 s 

A K(NiCr-Ni) type thermocouple was welded onto the middle of sample for temperature record control 

during the physical simulation as shown in Figs. 2a-b respectively. 

         
Figure 2. (a) thermocouple welding machine and (b) thermocouple welded on the sample 

The hardness and microstructure of the specimens were then tested and analysed using Vicker’s 

hardness test and optical microscope respectively. Samples for microstructures characterization were 
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prepared using standard methods and solution used for etching was 2% Nital. The hardness profiles 

were obtained across the simulated HAZ samples using Reicherter UH 250 Universal hardness tester 

with a 10 kgf (or test force of 98.07 N) load and with a 10 sec dwell time. A microstructural analysis 

was carried using an optical microscope (OM) Axio Observer D1m (Zeiss) inverted microscope.  

The material investigated was a commercial uncoated cold-rolled DP 600, DP 800 & DP 1000 steel 

supplied by Swedish Steel (SSAB) with a thickness of 1 mm and the steel sheet were cut in the rolling 

direction. The full chemical composition and the mechanical properties (source: Inspection certificate 

by material suppliers as mentioned above) of this steel are shown in Table 1 and Table 2 respectively. 

Table 1. Chemical composition of the investigated base materials in mass percent 

Steel C Si Mn P S Cr Ni Mo V Ti Cu Al Nb B N CEV 

DP600 0.088 0.19 0.84 0.012 0.002 0.03 0.03 0.00 0.01 0.00 0.01 0.039 0.016 0.0001 0.003 0.24 

DP800 0.136 0.20 1.55 0.013 0.003 0.03 0.04 0.00 0.01 0.00 0.01 0.046 0.016 0.0003 0.003 0.41 

DP1000 0.132 0.19 1.50 0.010 0.003 0.03 0.03 0.00 0.01 0.00 0.01 0.041 0.014 0.0002 0.004 0.39 

 

Table 2. Mechanical properties of the investigated base materials 

Steel Rp0.2, MPa Rm, MPa A8, % 

DP600 405 650 21.0 

DP800 585 871 15.5 

DP1000 821 1074 9.5 

Result and Discussions 

An optical micrograph (M=500x) of DP steels base material DP600, DP800, DP1000 and DP steels 

contain ferrite grains and islands of martensite enables us to see the microstructures which are shown 

in Figs. 3a, b, c-d respectively. The samples were etched with the Nital (2% HNO3), martensite islands 

appeared black, and ferrite appeared as black. It is evident from the below figure that volume fraction 

of martensite increasing in higher grades of DP steels base materials in which white grains are ferrites 

and black one is martensite. 
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Figure 3. Base materials (a) DP600 (b) DP800 & (c) DP1000, M=500x. (d) DP steels contain ferrite grains and 

islands of martensite [35]  

The microscopic pictures of coarse-grained heat affected zone, DP600, DP800 and DP1000 steels (Tmax 

= 1350 °C, 5 s and 30 s at M=500x) as shown in Figs. 4a-b, 5a-b & 6a-b respectively. 

    
Figure 4. Coarse grained HAZ (DP600), Tmax = 1350 °C, M=500x (a) 5 s and (b) 30 s 

    
Figure 5. Coarse grained HAZ (DP800), Tmax = 1350 °C, M=500x (a) 5 s and (b) 30 s 
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Figure 6. Coarse grained HAZ (DP1000), Tmax = 1350 °C, M=500x (a) 5 s and (b) 30 s 

From microstructural figures we can see that in CGHAZ for shorter cooling time ferrite grains (white) 

are finer but with longer cooling time it is more coarser and in larger number and these softer grains 

surrounding the martensitic grains (black). From Fig. 5a, it is observed that for DP800 steel with lower 

cooling time, tempering of martensite found in some grains but with longer cooling time volume of 

tempered martensite is higher as shown in figure 5b. However, the microstructure of each CGHAZ with 

t8/5 = 5 s is mainly martensite and lower bainite. However, with the longer cooling time the 

microstructures look different. Especially in DP1000 with t8/5 = 30 s, the microstructure having the 

combination of lower and upper bainite and a small fraction of martensite too. The reason for the 

different transformation microstructures can be found from chemical composition and the CCT-

diagram. Martensite formation needs generally fast cooling, while lower and upper bainite are results 

of slower cooling. Tempering may have some role in the softening of the CGHAZ with t8/5 = 30 s 

compared to 5 s. However, I would say it’s mainly because of different microstructures. Martensite 

generally has the highest hardness before lower bainite and upper bainite, respectively. Also, at high 

heat input the growth of prior austenite grains decreases the hardness. 

The average hardness values for simulated HAZ of DP600, DP800 & DP1000 in the function of the 

distance from the fusion line are presented in Figure 7a-b. The average hardness values of the base 

material of DP steels used in this work were measured by using HV10 hardness test are 207, 270 and 

329 for DP600, DP800 and DP1000 respectively. The results show that the simulated HAZ is wider in 

case of long cooling time compared to short cooling time. The following graphs represent the hardness 

structure profiles of the simulated HAZ for all types of dual phase steels used (DP600, DP800 & 

DP1000), where we can see how the hardness changes in the function of the distance from welding 

centreline(y). Evaluation was performed according to the EN ISO 15614-1 standard which permits 

HVmax = 450 HV10 for non-heat-treated welded joints (including HAZ) of high-strength steels 

belonging to the group 3b of CR ISO 15608, and HVmax= 380 HV10 for the groups (1a, 2) of CR ISO 

15608 also. DP steels are especially not mentioned in the EN ISO 15608 standard, based on their 

strength and chemical composition they could be classified in group 2 and 3, however they don’t 

include Mo, Cr and Ni which are generally used in quenched and tempered steel belonging to the 3rd 

group. 
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Figure 7. Hardness of simulated HAZ (a) t8.5/5 = 5 s and (b) t8.5/5 = 30 s 

The results obtained from the HAZ hardness examinations did not exceed the permitted maximum 

hardness value for group 3b of CR ISO 15608 (450 HV10), but the hardness values in CGHAZ of DP1000 

with short cooling time slightly exceeded the permitted value of HVmax for groups (1a, 2) (380 HV10). 

Also, we can see that, when Tmax is 1350 °C and t8.5/5= 5 s, the HAZ average hardness of simulated 

DP600 is slightly higher than base metal, which has an average hardness of 211 HV and ranges from 

200 HV to 219 HV. The HAZ average hardness of DP800 is significantly higher than base metal, which 

has an average hardness of 369 HV and ranges from 363HV to 374 HV. For DP1000, hardness is higher 

than the base metal also exceeded the permitted value of HVmax for groups (1a, 2) (380 HV10). For Tmax 

=950 °C and t8.5/5= 5 s, the HAZ average hardness of simulated DP600 is lower than base metal, which 

has an average hardness of 170 HV and ranges from 163 HV to 177 HV. The HAZ average hardness of 

DP800 is much lower than base metal, which has an average hardness of 203 HV and ranges from 197 

HV to 213 HV and for DP1000, hardness is 213 HV which is much lower than the base metal, ranges 

from 204 HV to 224 HV. Similarly, For Tmax =775 °C & Tmax =650 °C and t8.5/5= 5 s, the average hardness 

of simulated HAZ is significantly much lower than base metal. Therefore, softening of DP600, DP800 

and DP1000 steels can be observed when Tmax =950 °C, 775 °C & 650 °C for shorter cooling time i.e 

t8.5/5= 5 s but the softening is little higher in intercritical HAZ compared to other sub-regions for all the 

types of DP steel with short cooling time (t8.5/5 = 5 s). However, the hardening zone in the CGHAZ 

occurs when Tmax is 1350 °C for DP600, DP800 & DP1000 steels but it is more prominent in DP800 as 

compared to others two steel grade.  

For longer cooling time (t8.5/5= 30 s), we observed that softening occurs in all grade of investigated DP 

steels to sub-regions CGHAZ, FGHAZ, ICHAZ and SCHAZ but in general the fine grained HAZ and the 

intercritical HAZ were the sub-regions where we recorded the highest decrease in hardness for all DP 

steels. So, we can say that softening occurs almost in all sub-zones with all DP steel grades as the 

cooling time increases.  

Conclusions 

In this study, the physically simulated CGHAZ, FGHAZ, ICHAZ and SCHAZ with two different cooling 

time t8/5 were studied and compared for DP600, DP800 & DP1000 automotive steel. The following 

observations and conclusions were summarised; 
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(a) The performed optical microscopic tests verified that the demanded subzones were successfully 

created during the physical simulation.  

(b) Softening of DP600, DP800 and DP1000 steels can be observed when Tmax =950 °C, 775 °C & 650 °C 

for shorter cooling time i.e. t8.5/5= 5 s but the softening is more in intercritical HAZ compared to other 

sub-regions for all the types of DP steel with short cooling time (t8.5/5 = 5 s). 

(c) Softening of DP1000 occurs maximum among all sub zones at Tmax =775 °C & longer cooling time 

i.e. t8.5/5= 30 s. A significant softening was noticed in CGHAZ and ICHAZ at the longer cooling times 

(t8.5/5= 30 s) as compared to shorter cooling time (t8.5/5 = 5 s) for DP1000. However, the hardening zone 

in the CGHAZ occurs when Tmax is 1350 °C for DP1000 with short cooling time (t8.5/5 = 5 s).  

(d) The softening occurs in all grade of investigated DP steels to sub-regions CGHAZ, FGHAZ, ICHAZ 

and SCHAZ but in general the fine grained HAZ and the intercritical HAZ were the sub-regions where 

we recorded the highest decrease in hardness for all DP steels. 
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