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Abstract 

A pathway of post-weld heat treatment (PWHT) to eliminate heat affected zone (HAZ) softening and 

improve the strength of the welding joints of DP980 steel was developed. It is found that the high 

temperature isothermal transition at 750-950oC followed by water-quenching significantly influences the 

strength and fracture location by changing the microstructures of the welded joint. The block martensite is 

distributed discretely in the island ferrite after PWHT, which causes ferrite to deform continuously in 

space. At the same time, the microstructure of joints is more uniform after PWHT. As a result, the highest 
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strength (1146MPa) can be obtained by PWHT at 950oC, which is about 1.35 times that of the as-welded 

joint.  
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1. Introduction 

As people's requisition for passive safety increases constantly, the research and development of the high 

strength steel become the focus. In recent years, dual-phase steel (DP steel), multiphase steel (CP steel), 

transformation-induced plasticity (TRIP steel) and other vehicle steels with good integrability have been 

widely used. The microstructure of DP steel is composed of a certain amount of hard island martensite 

distributed on the ferrite matrix. It has the characteristics of low-cost production, low yield strength ratio, 

high initial work hardening rate, excellent strength and plasticity, which is a kind of high strength 

structural material with great potential [1-3].  

Despite these advantages, there are some challenges in applications of DP steel for welding. The HAZ 

softening is considered one of the most significant challenges during welding of ferrite–martensite 

dual-phase (DP) steels[4]. In the subcritical HAZ, the heating temperature does not exceed the Ac1 

temperature, resulting in the tempered martensite and ferrite phase formation. Accordingly, the hardness 

of the subcritical HAZ region drops below the base metal (BM) [4, 5]. The HAZ softening of the welded 

joint of DP steel leads to a sharp decrease in tensile property and formability, which seriously affects its 

wide application [4, 6, 7]. To reduce the HAZ softening of DP steels, their welding process optimization 

was recently explored [1, 4, 8-10]. For example, Wang et al. found that the weld zone width and HAZ 

width of DP1000 steel could be reduced by reducing the welding energy input, resulting in an improved 

joint strength [8]. Mahmoudiniya et al. have reported that the HAZ softening could be significantly 

reduced [4]. The mechanical properties of DP700 steel could be improved due to the significant decrease 
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of the weld temperature by using a high thermal diffusivity backing plate instead of mild steel [4]. 

However, there are very few studies on eliminating the HAZ softening and improving the strength of DP 

steel welded joint by PWHT. The distribution and volume fraction of the strengthening phase can be 

adjusted effectively after PWHT for other steels, which can inhibit the HAZ softening problem [11-14]. In 

order to optimize the strength and remove the HAZ softening of DP980 steel pulsed-arc welding joints, 

the influence of PWHT on the microstructure transformation of the welded joint was investigated in this 

work.   

2. Experimental procedures 

The double-sided butt welding of DP980 steel was carried out using a WS-315 pulse argon arc welding 

machine, with a peak pulse power of 12 KW. Argon gas was used as shielding gas with a gas flow rate of 

15L/min. The DP980 steel used in the present study was 1.5-mm-thick with a nominal chemical 

composition of Fe-0.12C–1.5Mn–0.3Si (wt.%). Before welding, the specimens were sanded with 

sandpaper and cleaned with acetone to remove oil stains. The DP980 steel plates of 150 × 80 × 1.5 mm 

were welded without interlayers (Fig. 1a). Three lines of hardness measurements with 100 g load for 15 s 

at a regular interval of 0.2 mm were made in the upper, middle, and lower part of the cross-section of the 

joint on a Wolpert 401MVD machine (Fig. 1b). To select the appropriate PWHT temperature, the 

continuous cooling transformation (CCT) diagram of DP980 steel was drawn by Jmat-Pro software 

(Fig.1c). The start transformation temperature (Ac1) and finish transformation temperature (Ac3) to 

austenite are 670.0 oC and 825.2 oC, respectively. The start transformation temperature (Ms) and finish 

transformation temperature (Mf) to martensite are 410.2 oC and 300.1 oC, respectively. It is worth noting 

that the critical cooling rate for the entire martensite transformation is 10 oC /s. Therefore, the DP980 

as-weld samples were annealed at 750oC (between Ac1 and Ac3), 850oC and 950oC (above Ac3) for 2min, 
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and then rapid water cooling was used to obtain more martensite to ensure high strength of the joint. The 

standard distance of the tensile sample was 25mm, and the sample size was prepared according to the 

American standard ASTM (E8/E8M-2013a). The tensile test was carried out on an Instron 8802 machine 

with a strain rate of 0.001s-1. The microstructure of the welded joint and fracture morphology was 

characterized by a JSM-6380LV scanning electron microscope (SEM).  

Fig.1: Schematic of pulsed-arc welding (a); Microhardness measurement diagram (b); CCT diagram of 

DP980 steel (c). 

 

3. Results and discussion 

Figs. 2a and b show the tensile properties and tensile failure locations of as-welded joints and PWHT 

joints of DP980 steel. It can be seen that the tensile strength of welded joints is 846MPa, and the tensile 

strength increases with the increase of PWHT temperatures. PWHT can obtain the highest tensile strength 

of 1146MPa at 950oC, and the elongation does not decrease. As shown in Fig. 2b, the tensile failure 

location of the as-welded joint is near the HAZ, and similar results were reported [8, 15], while the tensile 

fracture locations are all in the FZ after PWHT. To investigate the tensile fracture behavior of welded 

joints, the tensile fracture was observed by SEM. As can be seen from Fig.2c, a number of dimples are 
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observed, implying ductile fracture. The diameter of the fracture dimples is small in the as-welded joints, 

and some big voids and long cracks appear, as shown in Fig. 2c. After PWHT, the dimple diameter 

increases, as shown in Figs. 2d-f. In addition,  the dimple size distribution becomes more uniform with 

the increasing PWHT temperatures, which may be related to the different microstructure at the fracture 

location. These dimples dominantly originate from the interfaces between ferrite and martensite. It is 

mainly due to the significant difference in strength between them, and strain localization bands initiated 

in the ferrite rarely cross the ferrite/martensite interfaces, which is reminiscent of the void nucleation at 

the interface between ferrite and martensite observed in a ferrite-martensite dual phase steel [16]. 

Fig.2: Typical stress-strain curves (a), tensile failure locations (b) and fracture morphologies (c-f) of 

as-welded joints and PWHT joints of DP980 steel.  

 

After pulsed-arc welding, the full penetration and no defects of weld joint such as holes are obtained (Fig. 

3a), and the cross-sectional microstructure could be divided into FZ (Figs.3b and c), HAZ(Figs.3d and e) 
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and BM (Fig.3f). Figs.3g-k show the ferrite and martensite distribution maps corresponding to Figs. 3b-f 

respectively, which are obtained by using the color default threshold function in Image J software. The 

weld zone experienced remelting and cooling, resulting in the formation of equiaxed grains with distinct 

coarse prior-austenite grain boundaries, as shown in Figs.3b, c, g and h. The HAZ consists of distinct 

parts of coarsely striated ferrite and austenite mixed grains (CGHAZ, as shown in Figs. 3d and i) adjacent 

to weld metal and intercritical fine grains region (ICHAZ, as shown in Figs. 3e and j), which strays far 

from weld metal. It can also be seen that martensite and ferrite in the central area of the weld are acicular. 

The distribution of martensite in this area is the densest (as shown in Figs.3b and g), while the ferrite and 

martensite in the HAZ  (as shown in Figs.3e and j) and BM (as shown in Figs.3f and k) zones are 

island-like. 

Fig.3: The weld cross-sections of the weld joints (a), SEM images (b-f) and ferrite and martensite 

distribution maps (g-k) across the section of as-weld joints of DP980 steel: ferrites are marked in blue, 

martensites are marked in green. 
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In order to reveal the influence of PWHT on the strength and fracture behavior of welded joints, it is 

necessary to observe the microhardness and welding joint microstructure, as shown in Fig.4. The 

martensite and ferrite area fractions were calculated using the color default threshold function in Image J 

software, as shown in Fig.5a. The welded joint displays a maximum value of 342 HV in the FZ and a 

minimum value of 280 HV in the HAZ. These maximum and minimum values represent the amounts of 

hardening and softening of about 17.9% and 3.4%, respectively, compared to the BM, as shown in Fig.4a. 

The DP980 steel exhibits a marked softening in the HAZ, and similar results were reported previously [15, 

17-19]. The maximum hardness value in the FZ is due to the high volume fraction (67.0%) of hard 

acicular martensite [20], and the acicular martensite is formed by rapid heating and cooling welded joint, 

as shown in Fig.4b. In the ICHAZ (It is the zone in which weld thermal cycle experienced just above Ac1), 

the microstructure shows the mixture of tempered martensitic (TM) structure, granular bainite (B), and 

untransformed ferrite (F), as shown in Fig.4c. The hardness of both tempered martensite (TM) and 
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granular bainite (Fig.4c) is lower than that of martensite in the BM (Fig.4d). The large volume fraction 

and hard acicular martensite (Fig.4b) transform into lath martensite (as shown in Fig. 4f) and block 

martensite (as shown in Fig. 4j), which results in an obvious decrease in the FZ hardness after PWHT at 

750oC and 950oC (as shown in Figs. 4e and i).  

When the PWTH temperature at 750oC is between Ac1 and Ac3, the microstructure is austenitized and 

rapid cooling transforms into ferrite and quenched martensite. Thus, the hardness of quenched martensite 

in HAZ is greater than that of tempered martensite (TM) and granular bainite in HAZ without PWHT. At 

the same time, the carbide in the original microstructure (as shown in Fig.4d) is dissolved into the matrix. 

The quenched martensite is further refined, which significantly improves the hardness of the BM region 

(Figs. 4a and e). As the PWTH temperature increases to 950oC, which is above Ac3, all phases are fully 

austenitized and rapid cooling transforms into island ferrite and block martensite, and the grain sizes of 

transformed ferrite and martensite are larger due to the higher PWHT temperature (Figs. 4k and l). 

Fig.4: Hardness distribution and SEM images across the section of as-weld joints and PWHT joints: (a-d) 

as-welded, (e-h) PWHT at 750oC, (i-l) PWHT at 950oC. 

 

The strain hardening rate curves of as-weld joints and PWHT joints are shown in Fig.5b. In all samples, 
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the strain hardening rate decreases with increasing strain, and the initial strain hardening rate of PWHT at 

950oC joint is the highest (58GPa), which is significantly higher than those in PWHT at 750oC joint 

(34GPa) and as-welded joint (25GPa). During the deformation process, the hardness of ferrite is 

significantly lower than that of martensite, and the softer ferrite carries more deformation in the initial 

stage of deformation[21, 22]. It is found that the volume fraction of ferrite (69.7%) is greater than that 

than those in PWHT at 750oC joint (57.3%) and as-welded joint (33.0%). In addition, the martensite is 

distributed in an island in the ferrite matrix, and the ferrite is not completely separated by martensite in 

space, which can produce continuous work hardening during the deformation process, resulting in the 

highest strain hardening rate in the initial stage of deformation.  

In order to better understand the mechanical behavior of the DP980 steel welded joint, a schematic 

diagram of the relationship between the mechanical properties and the microstructure was established, as 

shown in Fig.5c. It can be seen that the hardness in the FZ decreases gradually, but the strength increases 

with the increasing of PWHT temperatures. The high acicular martensite volume fraction leads to the 

maximum hardness value in the FZ. The tempered martensite and granular bainite form in the HAZ, 

leading to a softening phenomenon. Meanwhile, the interface bonding ability of tempered 

martensite-ferrite is weaker than that of quenched martensite-ferrite [19]. The low volume fraction of the 

soft ferrite phase leads to poor plastic deformation ability, which results in the lowest tensile strength. The 

hard acicular martensite transforms into lath martensite and block martensite, and the soft ferrite volume 

fraction increases, which results in an obvious decrease in the FZ hardness after PWHT at 750oC and 

950oC. The microstructure has similar morphology and relatively uniform distribution after PWHT at 

950oC. On the one hand, the stress concentration in martensite can be eliminated [23]. In addition, the 

island ferrite can continuously deform in space due to the discrete distribution of martensite[3], and the 
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blocky martensite after PWHT at 950oC can produce more significant work hardening than acicular 

martensite [24], which significantly improves the strain hardening ability of welding microstructure, 

leading to the highest strength after PWHT at 950oC.   

Fig.5: The area fraction of martensite and ferrite, the SHR-true strain curves and schematic diagram of 

mechanical behavior of as-weld joints and PWHT joints.  

 

4. Conclusions 

1. The tempered martensite and granular bainite are formed in the HAZ, leading to HAZ softening; 

meanwhile, the tempered martensite-ferrite interface has a low plastic deformation capacity, which leads 

to a fracture in the HAZ of DP980 as-weld joint.  

2. After PWHT at 950oC, the maximum hardness value in the FZ decreases significantly from 342HVA to 

255HV, but the tensile strength increases remarkably from 846MPa to 1146MPa. 

3. High temperature isothermal transformation and rapid cooling can obtain more uniform island ferrite 

and block martensite, which causes to the elimination of the HAZ softening, the reduction of stress 

concentration, and the increase of the strength of DP980 steel welded joints. 
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