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ABSTRACT 
Dual phase (DP) steels have been widely used in the automotive industry to reduce vehicle weight and improve car 

safety. In such applications welding and joining have to be involved, which would lead to a localized change of the 

microstructure and property, and create potential safety and reliable issues under dynamic loading. The aim of the 

present study is to find out optimised parameter for laser welding and examine the rate-dependent mechanical 

properties, deformation and fracture behaviour of DP600 & DP980 steel and its welded joint (WJ) produced by 

Nd:YAG laser welding over a wide range of strain rates. The lasers welding were performs using three variable 

parameter laser power, welding speed & pulse duration. Taguchi based optimization of laser welding parameter 

was done with the help of L9 orthogonal array to achieve the maximum ultimate tensile strength. Taguchi base 

optimization of laser welding parameter shows that for the given condition, 400 W of laser power, 0.6 mm/sec 

welding speed & 6 ms pulse duration have as the optimal parameter. From ANOVA, laser power has the most 

significant contribution with 91.2%, followed by pulse duration 5.8% & welding speed 1.7 %. Laser welding results 

in not only significant micro hardness increase in the fusion zone (FZ) and inner heat-affected zone (HAZ), but also 

the formation of a softened zone in the outer HAZ. The microstructure of laser welded joint shows the formation of 

mostly marten’s tic structure in the fusion zone as that area experiences very high cooling rate during solidification 

corresponding to the optical micrograph representing the FZ microstructure of laser welded joint. DP600 welded 

joints exhibited an obvious yield point phenomenon at all strain rate, while the smooth & plastic flow remained in 

the DP980 welded joints. 

 

Keyword : - Dual phase, Microstructure and property, laser, fusion zone etc. 

 
1. INTRODUCTION 

Vehicle weight reduction is a key strategy used to minimize fuel consumption along with less CO2 emissions. 

Advanced high strength steels (AHSS), such as dual-phase (DP), complex-phase (CP), transformation-induced 

plasticity (TRIP) and martensitic steels, have been developed to meet this demand without compromising strength. 

Ferrite-martensite dual phase steels have gained popularity in automotive component manufacturing. The 

microstructure of dual phase steels typically consists of martensite islands embedded in a ferrite matrix. With 

different volume fractions of martensite, Dual phase steels have different strength grades, which range from 300 

MPa to 1000 MPa. Dual phase (DP) steel is a member of the family of AHSS. The microstructure of DP steel 

consists of soft and ductile ferrite matrix which is strengthened by a hard martensitic phase and possibly bainitic 

phase with an addition of a very little amount of retained austenite. 

The ductility of the steel mostly depends on presence of ferrite and the martensite structure in the steel. Compared 

with high strength low alloy (HSLA) steels, dual phase steel shows slightly lower yield strength but the continuous 

flow behavior in dual phase steel results in larger and more uniform total elongation and a higher initial work 
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hardening rate, along with considerably higher ultimate tensile strength. All these favorable mechanical 

characteristics have made dual phase steel intriguing to automobile manufacturers. It is often stated that more than 

50% of a country’s gross domestic product (GDP) is related to welding in one way or another and in the case of the 

automobile body structure, welding is the most used joining operation. In previous auto body designs, the most 

typical material use will be mild steel. These car bodies will assemble via resistance spot welding (RSW), a method 

which fulfilled the demand of automobile manufacturers for high process speed and high volume scenario. But, due 

to the different modification in material, other welding methods are also increases the popularity in the industry. Due 

to ease of automation and flexibility, laser welding has already gained its reputation in the metal joining field. A lot 

of work cans be found on the laser welding of DP steel coupled with the effect of welding on the tensile properties. 

 

1.1 Advanced High Strength Steels (AHSS)  

Automotive steels can be classified in several different ways. One is a metallurgical designation. The common 

designation includes low strength steels; conventional high strength steels (HSS) and the newer types of advanced 

high strength steels (AHSS). The principal difference between the conventional high strength steel and the advanced 

high strength steel is their microstructure. Conventional high strength steels are the single phase ferrite steels (such 

as carbon manganese, bake hardenable, high strength interstitial free and high strength low alloy steels). On the 

other hand, AHSS are primarily steels with a microstructure containing a phase other than ferrite or pearlite such as 

martensite, bainite, austenite and/or retained austenite in quantities sufficient to produce unique mechanical 

properties 
. 

 

1.2 Dual Phase (DP) Steels  

The term dual phase steels or DP steels, refers to a class of high strength steels which is composed of two phases; 

normally a ferrite matrix and a dispersed second phase of martensite, retained austenite and/or bainite. Dual phase 

steels were developed in the 1970’s. The development was driven by the need for new high strength steels without 

reducing the formability or increasing costs. In particular the automotive industry has demanded steel grades with 

high tensile elongation to ensure formability, high tensile strength to establish fatigue and crash resistance, low alloy 

content to ensure weldability without influencing production cost. For years later, the demand for dual phase steels 

is still strong. Materials that can combine high strength and good formability and thus reduce the weight of vehicles 

and other products give an environmental and economic advantage. 

 

2. OBJECTIVE                                                                                                                                                                                                                  

The aim of the present study is to examine the rate-dependent mechanical properties, deformation and fracture 

behavior of DP980 dual phase steel and its welded joint (WJ) produced by Nd: YAG laser welding over a wide 

range of strain rates (0.0001–0.1s
-1

).Based on the queries discussed in the above sections, the research objectives of 

this thesis can be summarized into following major parts: 

1) To study the microstructure of dual phase steel. 

2) To find out optimised parameter for laser welding. 

3) To evaluate the micro structural changes in DP600 &DP980 steel after laser welding. 

4) Finding out engineering stress-strain curves at different strain rate  

5) To study the effect of strain rate on yield strength, ultimate tensile strength & elongation of laser welded 

dual phase steel. 

6) The fracture characteristics of the laser welded similar DP steel joints. 

 

3. MATERIALS AND EXPERIMENTAL PROCEDURE 

DP600 & DP980 steel sheet with a thickness of 1.6 mm were selected in the present study. Both the steel sheet of 

DP600 & DP980 was cut with dimensions of 100 mm×100 mm as shown in figure 4. The chemical composition of 

the selected steels in wt. % is summarized in table 1 & mechanical properties of DP600 & DP980 steel are shown in   

TABLE I  
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                                                                Table: I Chemical composition of DP steel (wt %) 

 

Sr No Name of Element Symbol DP600 DP980 

1. Carbon C 0.09 0.15 

2. Magnesium Mn 1.84 1.50 

3. Silicon Si 0.36 0.31 

4. Aluminum Al 0.05 0.05 

5. Molybdenum Mo 0.01 0.06 

6. Chromium Cr 0.02 0.02 

7. Copper Cu 0.03 0.02 

8. Sulfur S 0.06 0.06 

9. Phosphorus P 0.01 0.01 

10. Iron Fe Balance Balance 

 

 

Table II: Mechanical Properties of Dual Phase Steel 

Sr. No Properties  DP600 DP980 

1. Yield Strength (Mpa)  379 845 

2. Ultimate tensile strength (Mpa) 624 985 

3. 0.2 % Yield strength (Mpa) 408 790 

4. Elongation (%) 23.51 16.20 

5. Vickers  hardness Number (Hv) 262 268 

6. Modulus of elasticity(Gpa) 20140 21150 
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Fig-1: Sample plates of DP600 & DP980 dual phase steel 

3.1 Laser welding parameters            

Laser welding were performs using a pulse Nd:YAG laser (JHM-1GY-400) with a maximum mean power of 120W, 

250W, 400W, frequency of 60 Hz and a wavelength of 1064 nm. Two plates of DP600 & DP980 steel sheets with 

dimensions of 100 mm × 100 mm was weld together in a butt joint configuration. An experimental set-up for Nd: 

YAG laser welding is as shown in figure 1. 

 

4. EXPERIMENTAL SETUP & TESTING        
 A light microscope coupled with a Carl-Zeiss image analysis system shown in Figure 8.was use in the 

optical microscopic observations. It is composed of Carl-Zeiss software adapted to ASTM and ISO standard, a      

Nikon optical microscope (50 x eye piece), a high resolution digital camera and a high performance computer to 

carry out the detailed investigation. 
                                

Laser welding were conducted for three parameters: laser power, welding speed, pulse duration with 

variation of 3 levels as shown in Table 4. The experiments were planned based on standard L9 orthogonal array 

(OA), consisting of 9 rows and 3columns.The1
st
, 2

nd
 and 3

rd
 columns were assigned to laser power (P), welding 

speed (V) and pulse duration (Pd) respectively in the orthogonal array, while the remaining columns were assigned 

to their interactions.            

 .          Table- III: Welding parameter used in this experiment 
Parameter Unit Level 

1 

Level 

2 

Level 

3 

Laser 

Power 

W 120 250 400 

Welding 

speed 

mm/sec 0.2 0.4 0.6 

Pulse 

duration 

Ms 2 4 6 
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         Fig2:Light microscope coupled with carl-zeiss image analysis system 

Table-IV: Orthogonal array L9 of Taguchi Techniques 

Sr.No. Column 

1 

Column 

2 

Column 

3 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 2 1 1 

5 2 2 2 

6 2 3 3 

7 3 1 1 

8 3 2 2 

9 3 3 3 

The selection of orthogonal array depends on three items in order of priority, viz., the number of factors and their 

interactions, number of levels for the factors and the desired experimental resolution or cost limitations. A total of 9 

experiments were performed based on the run order generated by the Taguchi model. The response for the model is 

ultimate tensile strength. In Orthogonal array, first column is assigned to laser welding, second column is assigned 

to welding speed and third column is assigned to pulse duration and the remaining columns are assigned to their 

interactions. The objective of model is to maximize ultimate tensile strength. The Signal to Noise (S/N) ratio, which 

condenses the multiple data points within a trial, depends on the type of characteristic being evaluated. The S/N ratio 

characteristics can be divided into three categories viz, “nominal is the best” “larger the better” and “smaller the 

better characteristics”. In this study “larger the better” characteristics was chosen to analyze the dry sliding wear 
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resistance. The S/N ratio for wear rate and coefficient of friction using “smaller the better” characteristic given by 

Taguchi, is as follows 

S/N  

 

 

4.1 Micro hardness tests  

Vickers micro hardness tests were performing on the samples using a micro Vickers hardness tester as shown in 

Figure 10. A load of 500 gm and a dwell time of 15 seconds were used during testing. All the values presented were 

an average of three series of values taken on the same specimen. The center point of the fusion zone was determine 

by carefully observing the weld geometry under microscope and all the indentations were adequately spaced to 

avoid any potential effect of strain fields caused by adjacent indentations. 
 

 4.2 Scanning electron microscopy (SEM)  
The microstructures of the base metal and the welded joints were also observed via scanning electron microscope. 

The fractured surfaces were examined by scanning electron microscopy. A high performance JSM6380 A scanning 

electron microscope with an embedded energy dispersive X-ray analyzer which allows for seamless observations 

and has a resolution of 3.0 nm as shown in figure 9.The customizable graphical user interface (GUI) allows the 

instrument to be intuitively operated, and Smile Shot TM software ensures optimum operation settings. Standard 

automated features include auto focus, auto stigmator, auto gun (saturation, bias and alignment), and automatic 

contrast and brightness. The resolution of the SEM is much higher than an optical microscope (OM) because the 

electrons accelerated to 10,000 KeV have a wavelength of 0.12 Angstrom, while the visible light has wavelength 

from 4000 to 7000 angstroms. Depending upon the situation the equipped three detectors – secondary electron 

detector, backscattered electron detector, energy dispersive X-ray detector was used. 

 

4.3 Tensile tests  
Tensile testing conducted over a wide range of strain rates. Quasi-static (0.001 s

-1
, 0.01s

-1
) and moderate (0.1s

-1
) 

strain rate. Tension tests were performed on fully computerized united tensile testing machine at constant cross-head 

velocity of 0.432, 4.32.43.2 mm/min respectively to achieve required strain rate effect as shown in figure 11 & 

specification of fully computerized universal tensile testing machine are shown in table 7.At least two samples were 

tested at each strain rate. The 0.2% offset yield strength, ultimate tensile strength and elongation to failure and 

engineering stress strain curves were recorded and using these data the tensile properties were evaluated. The 

JSM638A scanning electron microscope equipped with Oxford energy dispersive X-ray spectroscopy (EDS) system 

and 3D fractographic analysis were used to observe the tensile fracture characteristics. 

 

5 RESULTS AND DISCUSSION  

 

This chapter presents the results and relevant discussion on the optimize laser welding parameter; microstructure and 

mechanical properties of laser DP600-DP980 dissimilar joints. To work is done to find the important factors and 

combination of factors for laser welding to achieve the maximum ultimate tensile strength. The experiments were 

developed based on an (L9) orthogonal array, with the aim of relating the influence of laser power, welding speed, 

pulse duration. Taguchi recommends analyzing the S/N ratio using conceptual approach that involves graphing the 

effects and visually identifying the significant factors. The mechanical properties were evaluated by means of micro 

hardness tests, tensile and including the fracture characteristics and mechanisms of the joints under both monotonic 

and tensile loading. The last part of this chapter depicts the results on the effect welding on the microstructure and 

mechanical properties of DP980 welded joints aimed at eliminating the soft zone. 
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Table-V: Results of L9 Orthogonal array for S/N ratio of UTS 

  

Taguchi Analysis: Ultimate Tensile Strength A, B, C  

                              Table-VI: Response Table for Signal to Noise Ratios of (UTS) Larger is better 

Level Laser 

Power (A) 

Welding 

speed (B) 

Pulse 

duration 

(C) 

1 56.24 57.56 57.60 

2 57.90 57.63 57.23 

3 58.93 57.88 58.24 

Delta (Δ)  2.69 0.32 1.02 

Rank 1 3 2 

 

Main Effects Plot for SN ratios 

Sr.No. 

 

 

Laser 

power 

(W) 

Welding 

speed 

(mm/sec) 

Pulse 

duration 

(ms) 

Ultimate 

tensile 

strength 

(MPa) 

S/N 

ratio 

UTS 
 

1 120 0.2 2 550 54.8073 

2 120 0.4 4 655 56.3248 

3 120 0.6 6 758 57.5934 

4 250 0.2 4 786 57.9085 

5 250 0.4 6 723 57.1827 

6 250 0.6 2 852 58.6068 

7 400 0.2 6 995 59.9565 

8 400 0.4 2 932 59.3883 

9 400 0.6 4 745 57.4144 
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Graph-1 Main effects for plot for S/N Ratios –Ultimate Tensile strength 

                     
    Table -VII: Response Table for Means    

Level Laser 

Power (A) 

Welding 

speed (B) 

Pulse 

duration (C) 

1 654.3 777.0 778.0 

2 787.0 770.0 728.7 

3 890.7 785.0 825.3 

Delta (Δ)  236.3 15.0 96.7 

Rank 1 3 2 

  

                                                    Graph-2: Main effects for plot for Mean–Ultimate Tensile strength 
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Analysis of variance (ANOVA): UTS versus Power, speed, pulse duration  

    Table- VIII : Analysis of Variance for Means (Ultimate Tensile Strength) 

       Source    DF Adj 

SS 
 

Adj 

MS 

         F          P      %Pr 

        Power       1          83150          83149.9       6.78        0.048        91.2 

        Speed        1         96            96.0       0.01       0.933         1.7 

Pulse duration        1      3361           3360.7       0.27       0.623             5.8 

        Error        5      61361        12272.3           1.3 

         Total        8    147968            100 

 

Table -VIV: Coded Coefficients for Mean (Ultimate Tensile Strength) 

Term Effect Coef SE Coef T-Value P-value VIF 

Constant  780.1 36.9 21.12     0.000  

Power 235.2 117.6 45.2 2.60      0.048 1.00 

Speed 8.0 4.0 45.2 0.09       0.933 1.00 

Pulse 

duration 

47.3 23.7 45.2 0.52       0.623 1.00 

 

 

                                            

                                                           Graph-3: Residual Plots for UTS (MPa) 
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Regression Equation  

 UTS = 506 + 0.840 (Power) + 20 (speed) + 11.8 (pulse duration)Eq(1) 

 

 Prediction of Taguchi Result 
Table-X: optimization validation test results 

Laser 

power(W) 

Laser 

speed 

(mm/sec) 

   Pulse duration       

        (ms) 

S/N 

Ratio 

        Mean 

400 0.6 6 58.7703 995 

 

Table- XI: Comparison of result 

Parameters 

 

Predicted 

result 

Actual 

result 

Percentage 

error 

Ultimate tensile strength 

(Mpa) 

 

925 

 

998 

 

7.8 % 

 

6. CONCLUSIONS 

                  Based on the discussion on the laser welded similar and dissimilar joints of DP600 and DP980 steels, the 

following conclusions could be drawn: 

1. Taguchi based optimization of laser welding parameters has shown that for the given conditions, 400 W of laser 

power, 0.6 mm/sec welding speed and pulse duration 6 ms have as the optimal parameters. 

2. From ANOVA, amongst the parameters experimented; laser power has the most      significant contribution with 

91.2% followed by welding speed with 1.7% and pulse duration with 5.8%. 

3. The laser welding of DP steels resulted in a large amount of martensitic structure in the fusion zone due to the 

rapid cooling during welding, leading to a considerable increase in the hardness. However, a soft zone in the HAZ 

was observed due to the partial vanishing and tempering of the preexisting martensite in the DP steels. The extent of 

softening and the size of the soft zone were larger in the DP980 welded joints than in the DP600 welded joints. Due 

to the difference in the degree of softening, the dissimilar DP600/DP980 welded joints showed a characteristic 

unsymmetrical hardness across the dissimilar welded joint. 

4. While the presence of the HAZ softening reduced the ductility to a certain extent, the ultimate tensile strength 

remained nearly unchanged after laser welding in the case of DP600 welded joints. However, the yield strength of 

the DP600 welded joints was observed to increase after laser welding due to the presence of yield point phenomena. 

5. The DP600 welded joints exhibited an obvious yield point phenomenon at all the strain rates, while the smooth 

and continuous plastic flow remained in the DP980 welded joints 

6. DP980 welded joints showed lower yield strength and ultimate tensile strength compared to its base metal. The 

ductility reduced after welding in both DP steels. 

7. The yield strength of the dissimilar welded joint was higher than those of DP600 base metal but lower than those 

of DP980 base metal. The ultimate tensile strength of the dissimilar welded joints was essentially the same as that of 

the DP600 base metal, while its ductility was equivalent to that of the DP980 base metal.  
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