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Abstract 

 

With increasing use of dual phase steels in the automotive industry, it is important to have an 

understanding of how they behave when they are welded to conventional high strength low 

alloy steels (HSLA). Fiber laser welded dissimilar joints between DP980 and HSLA steels 

were evaluated in tension at low temperature (-40°C), room temperature (25°C), elevated 

temperature (180°C), and in fatigue under different welding conditions.  Triple dissimilar 

welds were tested in various combinations and with different types of protective zinc coatings 

to determine the effect that coatings play on the tensile and fatigue behaviour. Lastly, an 

analysis was done on how the change in DP980 chemistry could affect the final mechanical 

properties of their welded joints. 
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 Chapter 1 Introduction 

 

With the increase in population in countries such as India and China where an increasing 

percentage of the population is entering the middle class salary bracket, the demand for 

automobiles is expected to increase significantly in these countries [1, 2]. One of the 

challenges the automotive industry faces is to be able to meet the needs of this growing 

middle class. While increasing the number of vehicles on the road, another important factor 

of public concern is the impact these vehicles would have on the environment with CO2 

emissions causing greenhouse effect in the atmosphere [3, 4]. In order to help curb this, some 

government regulations have been introduced, one of which is called the Energy 

Independence and Security Act (EISA) which uses the Corporate Average Fuel Economy 

(CAFE) where it is up to manufacturers to meet the demands of the timelines in which the 

fuel economy of different sizes of cars must continually increases over time [5, 6]. The 

drivers of these vehicles also see the impact in their wallets with the rising price in gasoline. 

In order to resolve these issues, automotive manufacturers are seeking ways of increasing 

productivity in their assembly plants by either making changes to the designs of the vehicles 

to safely reduce the amount of material used or by making changes to the materials that are 

currently used in their automobiles [7]. 

One of the major challenges with almost any material that is designed and made into a 

component is how it will behave in operation, primarily meaning how corrosion will affect it 

and what can be done to reduce or prevent it. Since normal carbon steel easily corrodes in 

water, it is necessary to protect it in order to prevent degradation and maintain operational 

structural integrity over time. For steels, hot dip galvanizing (GI) and hot dip galvannealing 

(GA) are two similar coating methods where a layer of zinc is used to inhibit corrosion. 
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According to the galvanic series, zinc is more active (anodic) than steels. This means that if 

zinc and steel were both present in an aqueous solution, the zinc would be the anode and the 

steel the cathode, and material loss would occur on the zinc. Coated steel with a layer of zinc 

would mean that the zinc layer would corrode preferentially and keep the steel structure intact 

[8]. 

In automotive construction, the primary material used for the structural components is steel. 

In order to meet the rising demands of CAFE, automotive manufacturers need to develop 

innovative methods for increasing the fuel economy of their vehicles. Many methods will be 

and have been devised already to rise to this challenge, but one of the most prominent 

methods is simply making vehicles lighter. Newer materials such as aluminum and 

magnesium alloys are being used to replace heavier steel components. However, some 

structural components still need to be made from steels. One method of decreasing the weight 

of these structural sections while still using steel would be to use very strong steel and simply 

use less of it in order to save weight. Advanced High Strength Steels (AHSS) are one such 

group of steels that include dual phase (DP) steels. DP steel is one of the popular members in 

the AHSS family [9], because of its high strength and good formability properties. More 

commonly used in automotive construction is high strength low alloy steel (HSLA) which 

have excellent formability. 

The primary manufacturing process used in auto-body fabrication is welding. It is therefore 

important to understand the metallurgical and mechanical phenomena involved in the 

welding of DP and HSLA steels. If the increased usage of DP steels becomes the norm, it will 

be necessary to understand these phenomena in dissimilar combinations in order to better 

plan the construction of the next generation of vehicles. Furthermore, laser welding is usually 

used to manufacture welded blanks which are formed into different shapes of the auto-body 

parts [10, 11, 12, 13, 14, 15, 16]. There are many different laser welding techniques. Fiber 
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laser, diode laser, Nd:YAG laser, and CO2 laser are the primary types of laser welding 

techniques available which have been previously applied to weld a variety of steels to 

evaluate and compare their benefits and detriments [11, 12, 13, 14, 15, 17]. Amongst these 

laser welding processes, fiber laser welding (FLW) is the newest with several advantages 

over the other types, including smaller beam divergence, low maintenance costs, higher 

efficiency, high precision and reliability, and compact size [10, 16, 18, 19]. Thus, superior 

quality welds are able to be generally produced in FLW. 
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Chapter 2 Literature Review  

2.1 Laser Welding 

Lasers are narrow beams of light that are created in a lasing medium by the stimulated 

emission of photons in which electrons are excited into higher energy states and then are re-

excited causing the falling electron to emit a photon of light with energy related to that band 

gap of energy [20]. Creating a focused beam allows very high energy densities in comparison 

to other conventional welding techniques. Because of this property, laser welding techniques 

have played an ever advancing role in the joining of materials since the invention of high 

power solid state and gas lasers in the 1960s [16, 21, 22, 23, 24].  

Since welding is the primary joining mechanism for metals in industry, it is necessary to 

understand the behaviour of these welds, how the welding process is performed, and how it 

can be modified in order to make the process more efficient. Currently, laser welding is used 

to make tailor welded blanks (TWBs) in automotive construction [25]. The most common 

lasers that are used are CO2 lasers, diode lasers, and Nd:YAG lasers for this process [26].  

For a laser to be produced, a lasing medium is required in order to allow for the generation of 

the photons. As the names of each of the lasers suggest, those are the lasing mediums. For 

CO2 lasers, a mixture of CO2 gas with helium and nitrogen is used and produces a laser with 

a wavelength of 10.6 µm at an efficiency of about 5-8%. Nd:YAG has a lasing medium 

composed of an ytterium aluminum garnet that has been doped with neodymium. This 

produces a laser with a wavelength of about 1.08 µm at an efficiency of 3-5%. Diode lasers 

are produced from semi-conductors and usually have a wavelength of about 1.06 µm at 

efficiencies ranging from 10-20%. Lastly, fiber lasers are produced in a doped fiber medium 

with a wavelength of 1.07 µm with efficiencies as high as 20-30% as summarized in Table 

2.1.  
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Table 2.1 A comparison of different laser welding systems [27]. 

Laser 

system 
Laser medium 

Average 

output 

power 

(kW) 

Wavelength 

(µm) 

Beam 

quality 

(mm rad) 

Efficiency 

(%) 

Welding 

modes 

CO2 
CO2 mixed 

with He and N 
Up to 15 10.6 3.7 5-8 

Conduction 

and key hole 

Nd:YAG 

Nd doped 

yttrium 

aluminum 

garnet 

Up to 6 1.06 12 3-5 
Conduction 

and key hole 

Diode 
Semi-

conductors 
6 1.06 < 12 10-20 

Conduction 

and key hole 

Fiber Doped fiber Up to 20 1.07 1.8 20-30 
Conduction 

and key hole 

 

Previous work has been done regarding these different lasers on DP steels [10, 11, 12, 13, 14, 

15, 16], and for this project, a FLW system was used to produce the welded joints. The 

reason why FLW was chosen as the welding technique was due to several advantages it has 

over the other types of laser welding, including smaller beam divergence, low maintenance 

costs, higher efficiency, high precision and reliability, and compact size [10, 16, 18, 19]. 

Because of these characteristics, it is able to produce a higher quality weld at a better price in 

comparison to the other laser welding techniques. Part of this is due to the laser travelling 

along an optical fiber instead of the laser being transferred to the welding surface by a series 

of mirrors; the optical fiber is much more cost effective in moving the laser into position, 

while the mirror system is complex and needs to be carefully maintained and cleaned [28]. 

2.2 Tailor-welded blanks 

TWBs are comprised of several steel sheets, sometimes with varying thicknesses and grades 

of steel welded into a single flat blank prior to being pressed into the final shape of the 

component (Fig. 2.1). This is done in order to achieve optimal material arrangement and 

helps to cut down on material usage [29]. In the early stages of TWBs in the 1960s, the 
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TWBs were assembled using tungsten inert gas welding (TIG) which is a relatively slow 

process and, therefore, was not widely adopted. With increasing use of laser welding 

technology in the 1980s, the TWB method of construction began to increase in popularity 

because of the increase in production that it provided automakers by consolidating parts, 

reducing tolerances, reducing the amount of material used in the construction of the parts, and 

keeping or improving the structural stability of the parts [30, 31]. 

 

Fig. 2.1 Current applications for TWBs in a car [32]. 

The previously mentioned configurations can be complex in nature, meaning that a series of 

linear welds of different materials could be completely viable (triple dissimilar welds). It has 

Bodyside Frame 

Back Door Inner 

Front Door Inner 

Wheelhouse Panel 

Floor Pan 

Frame Rail 

Bumper 

Reinforcement 

Motor Compartment 

Rail 

Deck Lid 

Center Pillar 

A-Pillar Reinforcement 

Windshield Frame 
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also been shown that configurations of up to five laser welded blanks (LWBs) could be viable 

for construction of certain components [31]. 

2.3 The issue with Tempered Martensite in the HAZ 

In a number of studies of DP600 and DP980 steels [10, 11, 12, 13, 14, 15] an important 

phenomenon that has commonly been observed in the DP980 welds is the formation of a 

“soft zone” at the sub-critical heat affected zone (HAZ), i.e., a drop in hardness below that of 

the BM [10, 11, 12, 13, 14, 15]. The HAZ softening was observed to be dependent on the 

grade of the DP steel and the type of welding process used. The degree of HAZ softening also 

has a strong influence on the performance, e.g., formability, tensile properties, and fatigue 

resistance of the welded joints [10, 11, 12, 13, 14, 15, 33]. It is caused by the tempering of the 

martensite that is normally present in the BM when the temperature from the welding process 

in the HAZ drops just below the Ac1 line (726°C) and gives the metastable martensite 

adequate energy to start to temper. Studies done by Farabi et al. [13, 15] on DP600 and 

DP980 using diode laser welding (DLW) showed drastic microstructural changes in the HAZ 

which had a negative effect on their tensile and fatigue properties. Xia et al. [12] also did a 

comparative study on the formability of DP980 and HSLA steel and found that the 

formability properties drastically decreased with the presence of a large sub-critical HAZ 

produced by DLW. 

Several studies done by Xu et al. [10, 34] using DP980 and HSLA indicated that using a 

FLW technique was more beneficial in minimizing the HAZ softening, in both the magnitude 

of softening and the width of sub-critical HAZ, due to the higher power density as a result of 

the narrower beam diameter which allows welding at higher speeds. This allowed for 

minimal drops in the tensile strength of the DP980 steel. However, there have not been any 

studies done examining the effect of the sub-critical HAZ on the mechanical properties of 
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dissimilarly FLWed HSLA and DP steel joints, and this is one of the main focuses of this 

thesis. 

2.4 Objectives 

The ultimate goal of this project is to increase automotive production for the industry through 

the use of FLW and to determine whether DP steels will be effective at making the next 

generation of cars safer and better for the environment through the reduction in weight that 

they can provide and from their higher strength. Recognizing that it might not be practical to 

replace every component with DP steel, the understanding of the dissimilar welded joint 

behaviour is important for the manufacturing of the TWB components. Therefore, it is the 

objective of this thesis to examine dissimilar welded joints between DP and HSLA steels that 

were FLWed together and to examine how the sub-critical HAZ that is formed in the welded 

DP steels affects the mechanical properties of the welded joint. In order to accomplish this, 

several parameters needed to be tested: 

 The microstructure change across the dissimilar welded joints needed to be examined. 

 The mechanical behaviour and the failure mechanisms of these dissimilar welded 

joints under both tensile and fatigue conditions needed to be tested. 

 To understand the effect of practical environmental conditions, the dissimilar welded 

joints needed to be tested at elevated and low temperatures. 

 To potentially increase production of automotive components the effect of welding 

speed and heat input needed to be identified. 

 The potential effect of GI and GA coatings on mechanical properties of the FLWed 

joint needed to be determined. 

 What kind of effect does the chemistry of DP980 have on the failure behaviour and 

the mechanical properties of the FLWed joints also needed to be examined.  
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Chapter 3 Experimental Procedure 

The starting materials in this study were two types of HSLA and DP600, and three types of 

DP980 steel sheets. For the HSLA and DP600 steels, one was with a hot dipped galvanized 

coating and the other with a galvannealed coating. The DP980 steels, a rich and lean 

chemistry, were GI coated while another DP980 sample with different chemistry was GA 

coated. All of the steel sheets have a thickness of 1.2 mm except the GI and GA DP600 

which has a thickness of 1.05 and 1.15 mm, respectively. The chemical compositions of all 

the steels are listed in Table 3.1.  

Table 3.1 List of sample chemistry 

Chapter 

used 

Steel C Mn Si Al Ni Cr Ti Nb Fe 

5-8 HSLA380-GI 0.08 0.80 0.46 0.05 0.01 0.03 0.002 0.04 Balance 

8 HSLA300-GA 0.08 0.98 0.12 0.03 0.02 0.05 0.002 0.007 Balance 

8 DP600-GI 0.11 1.91 0.14 0.03 0.01 0.35 0.011 0.004 Balance 

8 DP600-GA 0.12 1.57 0.21 0.4 0.02 0.2 0.021 0.004 Balance 

5-9 DP980-GI-lean 0.15 1.45 0.33 0.05 0.01 0.02 0.002 0.001 Balance 

9 DP980-GI-rich 0.09 2.1 0.3 0.05 0.0 0.2 0.0 0.0 Balance 

8 DP980-GA 0.097 2.19 0.33 0.04 0.01 0.21 0.022 0.016 Balance 

 

Welded blanks with a dimension of 200 mm × 200 mm were initially fabricated for all types 

of joints. For the HSLA-DP980 dissimilar welded joint, 100 mm × 100 mm sheets of GI 

coated HSLA and lean DP980 (Fig. 3.1(a) and Fig. 3.1(b)) were joined together, and the 

triple dissimilar welded joints were made from a 90 mm × 200 mm sheet of both HSLA and 

DP980 and a 20 mm × 200 mm sheet of DP600, the DP600 sheet was placed in the middle of 

the two other sheets and were welded together (Fig. 3.1(c) and Fig. 3.1(d)) using an IPG 

Photonics YLS-6000 fiber laser system attached to a Panasonic robotic arm. A summary of 

the welding parameters can be found in Table 3.2. 
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Fig. 3.1 Schematic illustrations of the (a) HSLA-DP980 LWB and (b) tensile and fatigue test 

specimen machined from and parallel to the region marked by the short-dashed lines in (a). (c) 

DP980-DP600-HSLA LWB and (d) tensile and fatigue test specimen machined  from and parallel to 

the region marked by the short-dashed lines in (c).   

 

Name G K W R L A B C T 

Dimension (mm) 50 20 12.5 12.5 200 57 50 20 1.2 
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Table 3.2 Welding parameters 

Joint Type Laser Power 

(kW) 

Welding Speed 

(m/min) 

Shielding Gas Weld Angle 

(degrees) 

DP980-DP600-HSLA GI 4 20.5 99% Argon 20 

DP980-DP600-HSLA GA 4 20.5 99% Argon 20 

DP980-DP980 Rich 4 20.5 99% Argon 20 

DP980-DP980 Rich 2 10 99% Argon 20 

DP980-DP980 Lean 4 20.5 99% Argon 20 

DP980-DP980 Lean 2 10 99% Argon 20 

DP980-DP980 Lean 6 16 None 0 

HSLA-DP980 6 16 None 0 

HSLA-HSLA 6 16 None 0 

 

A schematic illustration of the welded blank is shown in Figs. 3.1(b) and 3.1(d). It should be 

noted that a little concavity was observed in all the welds (~15%) as well as some 

misalignment in some of the welded joints. The subsequent mechanical testing was carried 

out on the samples in the as-welded state without any post-weld processing. 

 

The metallographic samples used for the examination of microstructural changes were cut 

from the weld cross-section, then mounted, ground, polished, and etched with a 2% Nital 

solution. The etched samples were observed first using a light microscope attached to Clemex 

image analysis system software and then with a scanning electron microscope (JEOL JSM-

6380) equipped with three-dimensional fractographic analysis capacity. Vickers 

microhardness was measured on the polished samples across the weld using a computerized 

microhardness tester using a load of 200 g and a dwell time of 15 s. All of the indentations 
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were spaced far enough apart to prevent any potential effect of localized strain hardening 

caused by adjacent indentations. To ensure the validity of each test result, two calibration 

tests were carried out using a standard reference test block before the microhardness tests on 

the welded joints were conducted.  

 

Tensile and fatigue test samples were machined from the welded blanks perpendicular to the 

welding direction in accordance with ASTM: E8/E8M, the example of which is indicated by 

the dashed line in Figs. 3.1(a) and 3.1(c) with the geometry and dimensions of the test 

coupons shown in Figs. 3.1(b) and 3.1(d). The specimens were machined in such a way that 

the weld lines were positioned at the center of the gauge length (Figs. 3.1(b) and 3.1(d)). 

Tensile tests were conducted using a fully computerized United tensile testing machine at 

room temperature at a strain rate of 1×10
-3

 s
−1

. An extensometer with a gauge length of 50 

mm and a strain limit of 20% was used to measure the strain during the tensile tests. Load 

control fatigue tests in line with ASTM: E466 were performed on a fully computerized 

Instron 8801 servo-hydraulic testing system. To avoid potential buckling of the test 

specimens, tension-tension cyclic loading at a stress ratio of R = 0.1 was applied at a 

frequency of 50 Hz and sinusoidal waveform. At least two specimens were tested in the 

tensile tests and fatigue tests at each of the cyclic stress amplitudes. The results that are 

reported in this thesis are the average values of these multiple tests, and are fairly close to 

each other (< ± 10%). After the fatigue tests were completed, the fatigue fracture surfaces 

were examined via scanning electron microscopy (SEM) to identify the fatigue crack 

initiation sites and the propagation mechanism. 

  

http://www.astm.org/Standards/E8.htm
http://www.astm.org/Standards/E466.htm
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Chapter 4 Microstructure Results 

4.1 Galvanizing and Galvannealing Coating 

Putting a GI coating on steel involves a few different preparatory stages: first a cleaning stage 

where excess dirt and oil are removed in order to ensure a clean surface for the coating, then 

a pickling stage where the cleaned steel is placed in acid to remove any rust that might be 

already present on the steel, and finally, a flux solution to prevent further oxidation before the 

GI coating is placed onto the steel. The steel is then submerged in molten zinc bath for a 

period of time; the zinc and iron interfaces react to form the zinc coating. 

A GA coating is similar to a GI coating in that the prepping procedures are the same and 

involve dipping the steel in the molten zinc. However, the steel is kept in the bath for a 

shorter period of time in order to reduce the thickness of the zinc coating. The next stage is an 

annealing treatment at around 500°C to 570°C where diffusion of iron into the zinc occurs 

[35]. This creates different layers of intermetallics as the iron moves through the thickness of 

the zinc coating [36, 37]. 

Since one material was GI coated and the other GA coated, this creates a special surface that 

can be seen in Fig. 4.1(a). Fig. 4.1(a) shows the zinc coating from GI DP980 and Fig. 4.1(b) 

shows the Zn-Fe coating from the GA process on DP980. In each type of material, the 

general surface finish looks relatively similar (Figs. 4.1(a) to 4.1(f)). This is due to the 

similarity in the coating process rather than a material specific effect. It can also be observed 

that the coatings on the GI coated samples are thicker than the GA coated ones, and a 

summary of the different thicknesses can be observed in Fig. 4.2. The annealing process for 

GA coated samples occurs between 500°C to 570°C, which leads to the reason for the 

difference in thickness between the GI and GA samples which is that if the GA coating was 
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thicker, a longer annealing process would be needed in order to allow for adequate diffusion 

of iron into the zinc coating. Therefore, the coating thickness is kept to a minimum in the GA 

process to allow for the different Zn-Fe phases to form throughout the coating [36]. In the 

GA coating, cracks can be seen, whereas in the GI coating, there are none. This is likely 

cause by rollers used during the GI process prior to the annealing stage in order to smooth out 

the surface [35]. 
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Fig.4.1 (a) GI coated DP980, (b) GA coated DP980, (c) GI coated DP600, (d) GA coated DP600, (e) 

GI coated HSLA, and (f) GA coated HSLA. 

GA Coated GI Coated 
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Fig. 4.2 Summary of coating thickness. 

4.2 High Strength Low Alloy Steels 

The manufacturing of HSLA steels occurs primarily for their high strength and good 

corrosion resistance in comparison to carbon steels. Common alloying elements in HSLA 

steels are Mn, Ni, Nb, N, V, Cr, Mo, and Ti. These alloying elements help change the 

properties of HSLA in different ways; some add strength to the ferrite matrix, and some 

increase the corrosion resistance [38]. In general, the microstructure of HSLA is made up of a 

fine grained ferrite matrix. Ferrite (α) which has a body centered cubic structure (BCC) is 

present in the lower temperature region. It can be noted that the amount and soluble carbon in 

ferrite structure is only 0.022 wt% C at 727°C. In this work, two types of HSLA samples 

were used, one GI coated and the other one GA coated. Fig. 4.3(a) shows the GI coated 

HSLA sample which shows the fine ferrite grains with the dispersed ultra fine alloyed 

carbides that were previously mentioned. In the GA coated HSLA samples (Fig. 4.3(b)), there 
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are no carbides present; instead, there are fine pearlite phases that have been localized at the 

grain boundaries. 

 

Fig. 4.3 BMs of (a) HSLA GI, and (b) HSLA GA. 

4.3 Dual Phase Steels 

Cooling rates play a very important role in steel microstructure, and that has a strong effect 

on the mechanical properties of the steel. One common method of strengthening low carbon 

steel would be to raise it to an elevated temperature such that the steel is in the austenite 

region of the phase diagram, and then to quench the steel. This forms martensite which has a 

body centered tetragonal (BCT) structure. This transformation is caused because of the high 

carbon solubility in face centered cubic (FCC) austenite rapidly transforming into BCC ferrite 

which has low carbon solubility. Since there is no time for diffusion to occur during the 

cooling process, the carbon remains in the lattice structure and the BCC lattice is elongated 

into a BCT structure [39, 40]. 

DP steels, as the name suggests, are composed of two phases, ferrite and martensite. They are 

made by inter-critically annealing low carbon steel so it is between the Ac1 and Ac3 lines so 

that a ferrite and austenite structures form; the austenite transforms into martensite and the 

ferrite remains stable giving the DP structure.  The DP steels that were used in this work were 

b a 
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DP600 and DP980; the number in the name denotes the minimum ultimate tensile stress 

(UTS) of the steel. 

The DP980 steels that were used in this work were two different DP980 samples with a GI 

coating, one with a rich chemistry and the other with a lean chemistry, and one with a GA 

coating; their BM microstructures can be seen in Figs. 4.4(a) to 4.4(c). It should be noted that 

the amount of martensite present in each of these samples is significantly more than that of 

the DP600 samples; this is the primary difference between their strength. It can also be noted 

that in the DP980 Lean GI has simply ferrite and martensite as the microstructure, whereas 

the DP980 Rich GI had the ferrite and martensite matrix but also showed the presence of 

some bainite (~7%). The DP980 GA sample shows a microstructure that is still highly 

martensitic but has had a small amount of tempering occur to its martensite phase; this is 

likely due to the GA process being held for a short period of time at above 500°C [35]. The 

DP600 steels were both GI and GA coated and their microstructures can be seen in Figs. 

4.4(d) and 4.4(e). The microstructure, as previously mentioned, consisted of martensite 

islands embedded in a ferrite matrix, but the strength of DP600 is not very high, since the 

volume fraction of martensite in the matrix is relatively low. It should be noted that there is 

no significant appearance of tempered matensite in the GA coated DP600 as in the GA coated 

DP980. 
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Fig. 4.4 BMs of (a) DP980 Lean GI, (b) DP980 Rich GI, (c) DP980 GA, (d) DP600 GI, and (e) 

DP600 GA. 

 

4.4 Welding Microstructure 

In this section, the microstructure of the welded joints within the HAZ will be outlined and 

discussed as to its formation within the different materials. From these microstructures, 

correlations will be drawn regarding how the mechanical properties of the joints change with 

changing microstructure. 

a b 
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4.4.1 Fusion Zone 

The fusion zone (FZ) microstructure depends on the welding speed and heat input that were 

used. Since it was a fusion weld, the material liquefied and then directionally solidified. 

Depending on the welding parameters, the welds contained a mostly martensitic structure 

with a lathy morphology and about ~8% bainite for the high heat input weld (Fig. 4.5(a)) and 

~15% bainite for the low heat input weld (Fig. 4.5(b)). The microstructure developed in the 

FZ was strongly dependent on the cooling rate involved in the welding process. The 

continuous-cooling transformation (CCT) diagram of weld metal of low carbon steel shows 

that the FZ microstructure, depending on the cooling rate, could contain a combination of 

grain boundary ferrite, side-plate ferrite, acicular ferrite, bainite, and/or martensite [10, 39, 

40].  

 

Fig.4.5 The FZ microstructure of (a) high heat input joint (16 m/min at 6 kW), and (b) low heat input 

joint (20.5 m/min at 4 kW). (M: martensite, B: bainite) 

4.4.2 HSLA 

As previously iterated in the section on HSLA BM, the HSLA BM microstructure consists of 

fine grained ferrite matrix with a uniform dispersion of fine alloy carbides for the GI coated 

samples, and a similarly fine grained ferrite matrix with alloyed carbides present in the grain 

boundaries but not within the grains in the GA coated sample. The microstructure in the HAZ 

b a 



 

21 
 

of the HSLA welded joints can be broken down into different regions within the HAZ, the 

upper-critical HAZ, and the inter-critical HAZ. The upper-critical HAZ is where the 

temperature rose above the Ac3 line, meaning that upon cooling, a martensitic transformation 

occurred causing it to become a mostly martensitic structure with a very small fraction of 

ferrite (see Figs. 4.6(a) and 4.6(c)). The inter-critical HAZ is the region that is formed when 

the temperature is in between the Ac1 and Ac3 lines so that a partially martensitic 

transformation occurs. It can be seen in Figs. 4.6(b) and 4.6(d) that there is ferrite, martensite 

and bainite present in the region.  

 

Fig. 4.6 (a) HSLA GA upper-critical HAZ, (b) HSLA GA inter-critical HAZ, (c) HSLA GI upper-

critical HAZ, and (d) HSLA GI inter-critical HAZ. 
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4.4.3 DP980 

Fig. 4.7 shows the SEM images detailing the HAZ microstructure obtained in DP980 welded 

joints. The DP980 HAZ contained three different regions: the upper-critical HAZ, the inter-

critical HAZ and the subcritical HAZ. The upper-critical HAZ experienced temperatures 

above Ac3 line, the inter-critical HAZ temperatures were between the Ac1 and Ac3 lines, and 

in sub-critical HAZ the temperature was below the Ac1 line. The upper-critical HAZ, as in 

the HSLA material, showed an increased fraction of transformed martensite as compared to 

the (Figs. 4.7(a) and 4.7(d)). In the inter-critical HAZ (Figs. 4.7(b) and (e)), like in the HSLA 

weld, austenite formed since the temperature rose above Ac1 line of the steel and 

subsequently transformed to form martensite which was different from BM martensite and 

the volume fraction of which increased as we moved away from the Ac1 line (subcritical and 

inter-critical HAZ boundary) towards the Ac3 line (boundary between inter-critical and 

upper-critical HAZ). The subcritical HAZ showed that the pre-existing martensite from the 

BM decomposed into partially tempered martensite (PTM), as can be seen in Figs. 4.7(c) and 

4.7(f). Tempering of BM martensite in the fusion welding of DP980 steel has been reported 

in a number of previous studies [10, 11, 12, 13, 14, 15, 41, 42]. 
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Fig. 4.7 (a) DP980 GI upper-critical HAZ, (b) HSLA GI inter-critical HAZ, (c) DP980 GI sub-critical 

HAZ, (d) DP980 GA upper-critical HAZ, (e) HSLA GA inter-critical HAZ, and (f) DP980 GA sub-

critical HAZ. 

4.4.4 DP600 

The DP600 HAZ has a similar microstructure to the previous DP980 and HSLA HAZs. The 

DP600 HAZ has similar sub regions to the HSLA material, and it has an upper-critical HAZ 

(Figs. 4.8(a) and 4.8(c)) and an inter-critical HAZ (Figs. 4.8(a) and 4.8(c)), but no observable 

subcritical HAZ because the amount of martensite in the matrix is fairly low and the speed of 

the weld did not produce a sufficiently high temperature over a long enough period of time to 

cause a lot of tempering which has been seen with high heat inputs from Nd:YAG lasers and 

showed a very small amount of softening in the sub-critical HAZ [13]. 
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Fig. 4.8 (a) HSLA GI upper-critical HAZ, (b) HSLA GI inter-critical HAZ, (c) HSLA GA upper-

critical HAZ, and (d) HSLA GA inter-critical HAZ. 
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Chapter 5 Tensile and Fatigue Properties of Fiber Laser Welded Dissimilar 

Joints between High Strength Low Alloy and Dual-Phase Steels  

To facilitate the design of laser welded blanks and promote a widespread use of DP steels in 

the automotive industry, the relationships between the microstructural change involved in 

FLW and the static and dynamic performance of the welded joints must be carefully 

evaluated so as to guarantee the reliability and durability of the parts, as well as the overall 

safety of the passenger vehicles. The present study is an extension of previous work, which 

was aimed at characterizing the dissimilar FLWed joints of DP980 and HSLA with respect to 

the microstructure change and fatigue performance. 

5.1 Microhardness 

Using a similar approach as Song et al. [43], the microhardness profile across the dissimilar 

HSLA-DP980 welded joint is presented in Fig. 5.1. It is seen that the hardness profile 

exhibited an asymmetric characteristic with a higher hardness on the DP980 side and a lower 

hardness on the HSLA side. In particular, a soft zone appeared on the DP980 side, but it was 

absent on the HSLA side. For the sake of a better comparison, the hardness data across the 

similar HSLA-HSLA and DP980-DP980 welded joints are plotted in Fig. 5.2. It is seen that 

both the HSLA-HSLA welded joint and the HSLA side of the dissimilar HSLA-DP980 

welded joint had a similar trend of hardness variation with a constant and uniform BM 

hardness followed by a sharp increase through the HAZ up into the FZ. This was due to the 

fact that the microstructure of the HSLA BM was composed of fine ferrite grains with 

dispersed alloy carbides (Fig. 4.3(a)), while in the inter-critical and upper-critical zones of the 

HAZ, there was a gradual transformation into martensite which accounted for the increase in 

hardness up to the FZ with a highly martensitic structure (Figs. 4.8(c) and 4.8(d)) [10]. It is 

also seen from Fig. 5.2 that the hardness change on the DP980 side of the dissimilar welded 
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joint was equivalent to that of similar DP980-DP980 welded joint, where there was a 

relatively high hardness in the BM arising from the structure of a ferrite matrix with a higher 

volume faction of martensite (Fig. 4.4(a)). From the BM across the HAZ into the FZ, the soft 

zone in the HAZ formed in the sub-critical region, where the temperature experienced in the 

welding process was below the Ac1 line of the steel, leading to tempering of BM martensite 

with the extent of tempering decreasing with decreasing temperature, i.e., moving away from 

the Ac1 line towards the BM. This tempering effect resulted in a localized decrease in 

hardness as seen in the hardness profile (Figs. 5.1 and 5.2) as a valley [10, 34, 41].  

 

Fig. 5.1 Microhardness profile across the dissimilar HSLA-DP980 welded joint. 
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It is of particular interest to observe that inside the FZ there were two distinct hardness sub-

regions associated with two different materials (i.e., ~390 HV on the HSLA side and ~410 

HV on the DP980 side). This was a result of the difference in chemistry between HSLA and 

DP980, where the carbon and manganese contents of DP980 were higher than that of HSLA 

(nearly doubled as listed in Table 3.1), leading to a higher carbon martensite upon 

solidification and rapid cooling in the vicinity of DP980 steel. That is, the hardenability in the 

sub-region near the DP980 steel was higher due to the presence of a higher amount of 

alloying elements [39, 40].  Since the time involved in the liquid state and the subsequent 

solidification during the FLW was very short, there was little or insufficient diffusion in the 

FZ, which implied that the FZ was still in the form of segregation between the two materials. 

This is why two sub-regions could be observed in the FZ of the dissimilar HSLA-DP980 

welded joint (Fig. 5.1), although the morphology and amount of martensite appeared roughly 

the same. 



 

28 
 

 

Fig. 5.2 A comparison of hardness for the HSLA, DP980, and dissimilar welded joints made at a 

welding speed of 16 m/min, where the hardness data for the HSLA-HSLA and DP980-DP980 similar 

joints were taken from ref. [10]. 

 

5.2 Tensile properties 

The representative engineering stress versus engineering strain curves of the similar HSLA-

HSLA and DP980-DP980, and dissimilar HSLA-DP980 welded joints are illustrated in Fig. 

5.3. The details of the tensile test results are given in Table 5.1. In the similar HSLA-HSLA 

welded joints, the yield stress (YS), UTS, and the strain to failure after FLW were observed 

to be very close to those of the BM within the experimental scatter. For example, the YS and 

UTS of the HSLA-HSLA welded joints were 446 MPa and 529 MPa, respectively, which 

were very close to those of the BM which had a YS of 455 MPa and UTS of 546 MPa, 

respectively, with a joint efficiency of 97% (Table 5.1). These tensile results suggested that 
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the FLW process did not deteriorate the tensile properties of the HSLA steel, which was 

apparently attributed to the fact that in the HSLA-HSLA welded joints no soft zone occurred 

in the HAZ (Figs. 5.1 and 5.2) that was detrimental to the mechanical properties of the welds 

[10]. This was also corroborated by the observations that the failure of HSLA-HSLA welded 

joints during tensile testing consistently occurred in the BM. 

 

Table 5.1 Tensile properties and fatigue parameters σf' and b for HSLA BM, DP980 BM, similar 

HSLA-HSLA and DP980-DP980 welded joints, and dissimilar HSLA-DP980 welded joints [10]. 

Welding 

type 

YS 

(MPa) 

UTS 

(MPa) 

Elongation 

(%) 

Joint 

efficiency  

(%) 

Fatigue 

limit 

(MPa) 

Fatigue 

ratio 

'f  

(MPa) 

b 

HSLA-

HSLA 
446 529 22.3 97 125 0.236 328 

-

0.041 

HSLA- 

DP980 
467 548 15.4 ~100 175 0.319 371 

-

0.055 

HSLA 

BM 
455 546 24.7 - 200 0.366 302 

-

0.023 

DP980 

BM 
720 1095 14.2 - 250 0.228 1019 

-

0.098 

DP980-

DP980 
720 1067 5.3 97 150 0.141 1169 

-

0.132 

 

In contrast to the HSLA-HSLA welded joints, the DP980-DP980 welded joints showed a 

lower strain to failure (5.3%). However, the UTS (1067 MPa) was also very close to that of 

the DP980 BM (1095 MPa), indicating a high joint efficiency (97%) as well (Fig. 5.3 and 
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Table 5.1). Obviously, the strength of the DP980-DP980 welded joints made with the FLW 

did not decrease in spite of the presence of soft zone, while the strength of the joints made 

with the DLW exhibited a fair amount of decrease [12, 34]. This was obviously related to the 

narrower and less severe soft zone in the present fiber laser welded joints (Figs. 5.1 and 5.2). 

It follows that the smaller laser beam spot size and higher power intensity in conjunction with 

a higher welding speed in the FLW greatly improved the strength of the welded joints by 

reducing the detrimental effects of soft zone by narrowing it down significantly. However, 

the decrease in ductility of the DP980-DP980 welded joints was still attributed to the 

presence of soft zone. With progressive loading beyond the UTS, the plastic deformation of 

the similar DP980-DP980 welded joints concentrated in the soft zone due to its lower 

strength, causing a premature failure and thus a lower strain to failure [10, 34]. Similar results 

were also found by Hazratinezhad et al. using DP980 steel with an Nd:YAG laser [41]. 
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Fig. 5.3 Representative engineering stress versus engineering strain curves of the HSLA, DP980, and 

dissimilar welded joints tested at a strain rate of 1×10
−3 

s
−1

. 

 

As seen from Table 5.1, while the YS (467 MPa) and UTS (548 MPa) of the dissimilar 

HSLA-DP980 welded joints were well below those of the similar DP980-DP980 welded 

joints, they were essentially the same as those of the HSLA BM or similar HSLA-HSLA 

welded joints. Based on the UTS of HSLA BM rather than that of DP980 BM, the joint 

efficiency of the present dissimilar HSLA-DP980 welded joints indeed reached about 100%. 

It should be noted that the experimentally obtained slightly higher YS and UTS of the 

dissimilar HSLA-DP980 welded joints than those of HSLA BM were considered to be due to 

experimental error, since it would be impossible to have a joint efficiency of over 100%. It is 

of special interest to observe that the dissimilar HSLA-DP980 welded joints showed a 
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considerable (nearly three-fold) improvement in the strain to failure (15.4%), compared with 

the similar DP980-DP980 welded joints (5.3%), although it was lower than that of the similar 

HSLA-HSLA welded joints (22.3%). It was observed that the DP980 side of the dissimilar 

weld did not yield at all during tensile testing, with almost all the plastic deformation taking 

place on the HSLA side. Panda et al. found similar results for a limited dome height 

formability test of a DLW HSLA-DP980 sheet [44]. It is clear that the presence of the soft 

zone in the HAZ of the DP980 side did not have any effect on the YS and UTS of the 

dissimilar HSLA-DP980 welded joints. This was understandable since the lowest hardness 

value at the valley of soft zone (255 HV) was still higher than that of the HSLA BM (167 

HV), as shown in Fig. 5.1. As a result, only HSLA would yield during tensile loading.  

 

5.3 Fatigue properties 

Fatigue tests of the similar HSLA-HSLA and DP980-DP980, and dissimilar HSLA-DP980 

welded joints were carried out at room temperature at a stress ratio of R = 0.1, and the 

obtained S-N curves are plotted in Fig. 5.4. Like the tensile testing, the dissimilar HSLA-

DP980 welded joints behaved nearly the same as the similar HSLA-HSLA welded joints. The 

similar DP980-DP980 welded joints exhibited a much higher fatigue strength in the low cycle 

fatigue regime below ~5×10
4
 cycles, although there was no big difference in the high cycle 

fatigue regime where the experimental scatter also became larger. At a high stress amplitude 

of 350-450 MPa in the similar DP980-DP980 welded joints, some yielding would occur since 

the maximum stress at R=0.1 exceeded the YS of 720 MPa (Table 5.1). As the stress 

amplitude decreased, the fatigue life became longer but more scattered. This was due to a 

more sensitive effect of the soft zone in the HAZ and the concavity [45] that was present in 
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the welded joints, as shown in Fig. 4.7(c). Similar weld concavity was reported in [34, 46, 47] 

as well. 

 

Fig. 5.4 Comparison of the S-N curves of the HSLA, DP980, and dissimilar welded joints tested at 

R=0.1, 50 Hz, and room temperature, where the DP980-DP980 and HSLA-HSLA curves are taken 

from [10]. 

 

Likewise, in the similar HSLA-HSLA welded joints and dissimilar HSLA-DP980 welded 

joints, at high stress amplitudes of 225-250 MPa, the peak stress was above the yield stress of 

HSLA BM (Table 5.1), causing the yielding and failure in the BM, as shown in Fig. 5.5(a). 

At the lower stress amplitudes (i.e., below 200 MPa) there was a larger scatter in the 

experimental data since the samples failed in the weld area (Figs. 5.5(b) and 5.5(c)), which 

was related to the stress concentration developed by the concavity in the welds [46, 47]. 
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Since the samples that are subjected to cyclic loading were reported to be more susceptible to 

heterogeneous changes in the microstructure than those done in a tensile test [33, 46], it is 

thus not difficult to understand that the fatigue data obtained at the lower stress amplitudes 

would exhibit a larger scatter than the tensile data due to the large microstructural change 

across the weld and the presence of weld concavity.  

 

 

 Fig. 5.5 Typical fatigue failure locations in the dissimilar HSLA-DP980 welded joints at stress 

amplitudes of (a) 250 MPa, (b) 200 MPa, and (c) 175 MPa. 

 

The S-N plot in Fig. 9 could be expressed using the Basquin equation [33, 46], 

 
b

ffa N )2('  , (5.1) 

where σa is the cyclic stress amplitude, 'f is the fatigue strength coefficient defined by the 

stress intercept at 2Nf =1, Nf is the number of cycles to failure (2Nf is the number of reversals 

to failure), and b is the fatigue strength exponent. The values of these parameters obtained by 

fitting the data points according to Eqn. (5.1) are tabulated in Table 2. The fatigue life of the 

welded joints could be estimated based on the values of 'f and b. Eqn. (5.1) indicates that 

the higher the value of 'f  and the smaller the absolute value of b, which is always negative, 

the longer the fatigue life. It is seen from Table 2 that the HSLA-related specimens (i.e., 

HSLA BM, similar HSLA-HSLA welded joints, and dissimilar HSLA-DP980 welded joints) 
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had an equivalent set of 'f  and b values within the experimental scatter, giving rise to 

roughly the same overall fatigue life (Fig. 5.4). In comparison with the HSLA-related 

specimens, while the absolute value of fatigue strength exponent, b, of the DP980 BM and 

similar DP980-DP980 welded joints was higher, which was supposed to give rise to a lower 

fatigue life, the fatigue strength coefficient 'f  was nearly or over three times higher, 

leading to a much higher fatigue life. Such a seemingly conflicting set of 'f  and b values 

via their combined effects determine the overall fatigue of these similar and dissimilar 

welded joints and BM. It should be noted that the lower fatigue ratio (i.e., the ratio of the 

fatigue limit to the UTS) in the DP980 BM and similar DP980-DP980 welded joints, in 

comparison with to the HSLA-related specimens, was mainly due to the fact that the UTS of 

the DP980-DP980 welded joints had nearly twice that of the HSLA and only had a slightly 

higher fatigue limit (Table 5.1). These conclusions were also found by Xu et al. using similar 

HSLA-HSLA and DP980-DP980 welded joints [10]. 

5.4 Fractography 

Some typical SEM images of a fatigue fracture surface of a dissimilar HSLA-DP980 welded 

joint tested at a high stress amplitude of 250 MPa are shown in Fig. 5.6. Interestingly, no 

clear crack initiation area could be seen (Fig. 5.6(a)) as the failure was primarily caused by 

the yielding in the BM region on the HSLA side (Fig. 5.5(a)) due to the high maximum stress 

beyond the YS of HSLA at this cyclic stress level, which could be confirmed by the tapered 

region seen around the fracture surface, indicated by “c” in Fig. 5.6(a). Fatigue crack 

propagation was basically characterized by the occurrence of fatigue striations in conjunction 

with the dimples and plastic ridges, as shown in Fig. 5.6(b) [10]. 
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Fig. 5.6 SEM images illustrating the fatigue fracture surface of a dissimilar HSLA-DP980 welded 

joint tested at a stress amplitude of 250 MPa: (a) overall view, (b) crack propagation region, where 

“c” in (a) indicates the necking region. 

 

Figs. 5.7 and 5.8 show typical fracture surfaces of the dissimilar HSLA-DP980 welded joints 

that failed at stress amplitudes of 200 MPa and 150 MPa, respectively. Since the failure 

occurred in the weld area, in this case at the intermediate and lower stress amplitudes (Figs. 

5.5(b) and 5.5(c)), rather than being caused by the plastic deformation at the high stress 

amplitude of 250 MPa (Figs. 5.5(a) and 5.6), the fatigue crack initiation site can be clearly 

identified, as marked as “b” in the overall images of Figs. 5.7(a) and 5.8(a). From the 

magnified images showing the crack initiation area in Figs. 5.7(b) and 5.8(b), it is seen that 

crack initiation basically occurred from the specimen surface due to the stress concentration 

arising from the presence of concavity. Fatigue striations can be seen in the propagation 

region in Figs. 5.7(c) and 5.8(c), where fatigue damage progressively accumulated as the 

propagation approached the final fracture, with the border area of the transition from the 

fatigue crack propagation to the final fast fracture shown in Figs. 5.7(d) and 5.8(d). The final 

fast fracture area consisted of characteristic dimples [9]. This is understandable since HSLA 
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is very ductile with a ductility of ~25% (Table 5.1). It should be noted that, while in the 

dissimilar HSLA-DP980 welded joints a soft zone was present on the DP980 side and no soft 

zone was present at all on the HSLA side (Figs. 5.1 and 5.2), fatigue failure at the lower 

stress amplitudes still occurred close to the HSLA due to the lower hardness or strength of 

HSLA itself. Furthermore, all tensile test samples were observed to fail in the BM on the 

HSLA side, like the situation shown in Figs. 5.5(a) and 5.6(a). Therefore, it can be concluded 

from the present study that the existence of a soft zone in the dissimilar HSLA-DP980 

welded joints, as long as it is small and narrow, would not affect both the tensile properties 

and fatigue resistance. To enhance the fatigue strength of such dissimilar welded joints, 

further efforts are needed to get rid of the weld concavity. 
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Fig. 5.7 SEM micrographs depicting the fatigue fracture surface in a dissimilar HSLA-DP980 welded 

joint tested at a stress amplitude of 200 MPa: (a) overall view, (b) fatigue crack initiation region, (c) 

crack propagation region, and (d) final fast fracture interface. 
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Fig. 5.8 SEM micrographs of the fatigue fracture surface in a dissimilar HSLA-DP980 welded joint 

tested at a stress amplitude of 150 MPa: (a) overall view, (b) fatigue crack initiation region, (c) crack 

propagation region, and (d) final fast fracture interface. 

 

5.5 Summary 

From the analysis done of the microstructure, hardness profile, tensile properties, and fatigue 

performance of HSLA-DP980 dissimilar welded joints, the following conclusions were 

drawn: 
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1) The fiber laser welded dissimilar HSLA-DP980 joints consisted of a microstructure lying 

in-between those of similar HSLA-HSLA and DP980-DP980 welded joints. Due to the 

fast cooling during FLW, the narrow FZ was composed of a highly martensitic structure. 

The HAZ on the DP980 side of the weld contained some newly formed martensite and 

partially tempered martensite. 

2) A characteristic asymmetric hardness profile was observed across the dissimilar HSLA-

DP980 welded joint with a higher hardness on the DP980 side and a lower hardness on 

the HSLA side. While a soft zone appeared on the DP980 side, it was absent on the 

HSLA side. Inside the FZ, two distinct hardness sub-regions (i.e., ~390 HV on the HSLA 

side and ~410 HV on the DP980 side) were observed due to the difference in the carbon 

and manganese contents between HSLA and DP980 along with the fast cooling during 

FLW.  

3) The presence of soft zone on the DP980 side of the dissimilar welded joints was observed 

to have no effect on the tensile properties, since the lowest hardness value at the valley of 

soft zone (255 HV) was still higher than that of the HSLA BM (167 HV). A joint 

efficiency of 97~100% was achieved with respect to the HSLA. While the strain to failure 

was lower in the similar DP980-DP980 welded joints, it had a remarkable (~three-fold) 

increase in the dissimilar HSLA-DP980 welded joints.   

4)  While the fatigue strength of the dissimilar HSLA-DP980 welded joints was lower than 

that of similar DP980-DP980 welded joints, it was equivalent to the similar HSLA-HSLA 

welded joints.  

5) Failure occurred in the BM on the HSLA side in the tensile tests as well as in the fatigue 

tests at high cyclic stress levels, where yielding was a dominant form of failure. At the 

intermediate and lower cyclic stress levels, fatigue failure occurred in the weld area due 

to the higher degree of sensitivity to the weld concavity.  
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6)  Fatigue crack initiation occurred from the specimen surface due to the stress 

concentration arising from the presence of concavity. 
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Chapter 6 Tensile Properties of Fiber Laser Welded Dissimilar Joints of 

High Strength Low Alloy and Dual-Phase Steels at Warm and Low 

Temperatures 

Although DP steels are emerging candidates, the major parts of the cab body are still 

dominated by HSLA steel. However, there has been no work on the mechanical behavior of 

the dissimilar welded joints of HSLA and DP980 steels at low and warm temperatures, which 

is important to investigate considering the environmental conditions to which vehicles are 

exposed. This chapter aims to fill the gap in the literature and reports the mechanical 

properties of the fiber laser welded joints of DP980 and HSLA steels in similar and dissimilar 

materials combinations evaluated at cryogenic, room and elevated temperatures. 

6.1 Microhardness 

The microhardness profile of the dissimilar HSLA-DP980 welded joint clearly showed the 

different regions and sub-regions formed after FLW (Fig. 6.1). Similar materials made under 

the same conditions have also been shown in Parkes et al. [48]. The HSLA BM , due to its 

soft and ductile matrix, has a lower mean hardness of 168 VHN. In the HAZ on the HSLA 

side, no softening was observed and a sharp increase in hardness was observed due to 

formation of harder phases e.g. martensite and bainite the fraction of which increases with 

distance from the BM toward the FZ. Interestingly, two sub-regions within the FZ were 

observed as indicated by the two different peaks in the hardness profile. This is attributed to 

the rapid cooling rate achieved in the FZ because of the high welding speed (16 m/min). The 

process was so fast that there was no time for the diffusion to occur during cooling, which led 

to chemical inhomogeneity within the FZ resulting in different hardness i.e. two distinct 

peaks, which was also seen in Parkes et al. [48]. The upper critical HAZ on the DP980 side 
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of the welded joint was found to be similar to that on the HSLA side and the inter-critical 

HAZ on the DP980 side contains newly formed martensite and ferrite like its BM 

contributing to higher hardness compared to HSLA. A significant drop in the hardness was 

observed at the outer HAZ (251 VHN) compared to the BM (326 VHN), which is due to the 

decomposition of martensite to form soft ferrite phase along with precipitated carbides [10, 

11, 12, 13, 15, 48]. 

 

Fig. 6.1 Microhardness profile of FLWed HSLA-DP980 sample. 
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6.2 Tensile properties 

The comparison of the YS, UTS, elongation, energy absorption (EA), and the work hardening 

coefficient obtained at different test temperature for the HSLA BM, HSLA-DP980 and 

HSLA-HSLA welded joints are shown in Fig 6.2. It should be noted that the EA was obtained 

by calculating the area under the load-displacement curves obtained from the tensile tests. 

Tensile properties were found to decrease with increasing temperature in all the specimens 

(Fig. 6.2). Corollary to Parkes et al. [48], only the HSLA side of the HSLA-DP980 welded 

joint is deformed during loading because of the lower strength HSLA side compared to even 

the soft zone present on the DP980 side of the welded joint (Fig. 6.1). Chen et al. [49] also 

showed the decrease in the mechanical properties of HSLA steels at higher temperatures and 

those results fell closely with this study; the UTS and YS decreased with temperature which 

in turn decreased the EA since the elongation of the samples remained relatively constant at 

all temperature (Fig. 6.2(c)) [46, 50]. The Holloman equation, Eq. 6.1 [51], models the plastic 

behaviour on a true stress-true strain tensile curve up to the UTS, where σT is the true stress, 

K is the strength coefficient, εT is the true strain, and n is the work hardening coefficient. The 

higher the work hardening coefficient, the more hardening that occurs; for the HSLA 

containing samples, the work hardening coefficient remained relatively constant over the 

different temperatures which was reflected from the stress-strain curve showing little 

alteration in the shape of the plastic region (Figs. 6.3 and 6.4). The trend in the change of 

properties of the HSLA BM and the welds (HSLA-HSLA and HSLA-DP980) was observed 

as a function of temperature within normal scatter. 
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Fig. 6.2 Comparison of tensile properties of the HSLA BM, HSLA-DP980 and HSLA-HSLA welded 

jointsat different temperatures: (a) YS, (b) UTS, (c) elongation, (d) EA, (e) work hardening 

coefficient. 

 

      
n

TK T               (6.1) 

The tensile results of DP980 BM and the DP980-DP980 welded joints at different test 

temperatures are summarized in Fig 6.5. Examining the trends reveals interesting information 

about the properties of the DP980 welded joints in comparison to the BM properties; the most 

obvious difference is in the UTS. It was found that in the DP980 welded joint there is a 

consistent decrease in the strength with increasing temperature, which could be attributed to 

the higher mobility of dislocations allowing for dislocation climb [46, 50]. This increased 

deformation caused the soft zone in the HAZ to have a greater effect and to fail at a lower 

stress. However, in the DP980 BM, there was a decrease in UTS from -40°C to 25°C with an 

increase in the UTS from 25°C to 180°C. This increase in strength with temperature above 

room temperature has been reported in literature [49, 52, 53, 54] as dynamic strain aging 
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nitrogen atoms, which inhibit further movement of the dislocation and subsequently require 

more stress to overcome the obstacles thus increasing  the strength [52, 53, 55, 56, 57, 58]. 

The YS of both the DP980 BM and the welded joint showed a decreasing trend with 

increasing temperature, which can be related to the kinetic vibrations in the lattice and how 

easily the dislocations can move in it [46, 50]. Both elongation and EA remained relatively 

consistent over all temperatures for the DP980 BM due to the high strength of the material; 

however, the elongation of the DP980-DP980 welded joint was found to be much less in 

comparison to the BM at all temperatures (Figs. 6.3 and 6.5(c)) which is why the EA of the 

welded joint is significantly less than that of the BM (Fig. 6.5(d)). Lastly, the work hardening 

coefficient was not observed to change with temperature for the DP980 BM since the shape 

of the stress-strain curve did not undergo significant changes in shape (Fig. 6.3(a)); however, 

the DP980-DP980 welded joint at 180°C showed an apparent increase in the work hardening 

coefficient caused by a change in shape of its stress-strain curve (Fig. 6.3(b)) where there is a 

decrease in both the elongation and strength. This shortening and lowering of the stress-strain 

curve (lower strength and ductility) causes this apparent increase of the work hardening 

coefficient. 
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Fig. 6.3 Typical tensile curves of a) DP980 BM, b) DP980-DP980. 
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Fig. 6.4 Typical tensile curves of a) HSLA-DP980, b) HSLA-HSLA, c) HSLA BM. 
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Fig. 6.5 Comparison of tensile properties of the DP980 FLWed joints and the BM tested at different 

temperatures: (a) YS, (b) UTS, (c) elongation, (d) EA, (e) work hardening coefficient. 

  

6.3 Summary 

From the analysis done of the microstructure, hardness profile, tensile properties, and fatigue 

performance of HSLA-DP980 dissimilar welded joints, the following conclusions were 

drawn: 

1) The fiber laser welded dissimilar HSLA-DP980 joints consisted of a microstructure lying 

in-between those of similar HSLA-HSLA and DP980-DP980 welded joints. Due to the 

fast cooling during FLW, the narrow FZ was composed of a highly martensitic structure. 

The HAZ on the DP980 side of the weld contained some newly formed martensite and 

partially tempered martensite. 

2) A characteristic asymmetric hardness profile was observed across the dissimilar HSLA-
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side and ~410 HV on the DP980 side) were observed due to the difference in the carbon 

and manganese contents between HSLA and DP980 along with the fast cooling during 

FLW.  

3) The presence of soft zone on the DP980 side of the dissimilar welded joints was observed 

to have no effect on the tensile properties, since the lowest hardness value at the valley of 

soft zone (255 HV) was still higher than that of the HSLA BM (167 HV). A joint 

efficiency of 97~100% was achieved with respect to the HSLA. While the strain to failure 

was lower in the similar DP980-DP980 welded joints, it had a remarkable (~three-fold) 

increase in the dissimilar HSLA-DP980 welded joints.   

4)  While the fatigue strength of the dissimilar HSLA-DP980 welded joints was lower than 

that of similar DP980-DP980 welded joints, it was equivalent to the similar HSLA-HSLA 

welded joints.  

5) Failure occurred in the BM on the HSLA side in the tensile tests as well as in the fatigue 

tests at high cyclic stress levels, where yielding was a dominant form of failure. At the 

intermediate and lower cyclic stress levels, fatigue failure occurred in the weld area due 

to the higher degree of sensitivity to the weld concavity.  

6)  Fatigue crack initiation basically occurred from the specimen surface due to the stress 

concentration arising from the presence of concavity.  
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Chapter 7 Effect of Fiber Laser Welding Parameters on the Fatigue 

Properties of Dissimilar Welded Joints between DP980 and HSLA Steels 

Previous work has looked at the FLW of DP980 and HSLA similar welded joints and how the 

welding parameters can affect the tensile and fatigue properties of the joint [59]. This chapter 

furthers the work done in the previous chapters to enhance the understanding of dissimilar 

welded joints between DP980 and HSLA to optimise their mechanical properties for 

manufacturing purposes by changing the welding parameters such as weld power and or 

welding speed to potentially increase vehicle output. 

7.1 Microhardness 

As can be seen from the microhardness curve in Fig. 7.1, the general shape of the hardness 

curves between the two heat inputs is the same, which shows the soft HSLA BM which 

increases in hardness as it moves into the inter-critical HAZ and upper-critical HAZ reaching 

the peak in the FZ. This is because of the increasing amount of very high strength martensite 

and the bainite that is present in these regions. A difference in the hardness on both sides of 

the FZ has been reported before [48] and represents the difference in carbon content between 

the two BMs and the lack of mixing during the fusion process because of the very high 

cooling rates. On the DP980 side, the presence of the soft zones can be clearly seen in 

relation to the BM due to the presence of the partially tempered martensite. However, it 

should be noted that the degrees of softening that occurred in both the low heat input and 

high heat input welds are 46 HV and 55 HV, respectively [60]. Even though this soft zone in 

the DP980 soft zone is present, since it is welded to HSLA, the minimum hardness of the soft 

zone is still significantly stronger than that of the HSLA BM; therefore, it is expected that 

most if not all of the deformation should occur on the HSLA side of the welded joints [48]. 
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Fig. 7.1 Microhardness curves of HSLA-DP980 welded joints made with different welding 

conditions. [48] 

 

7.2 Tensile properties 
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occurred in the soft zone would be negligible since it is only ~200 µm across and is still 

stronger than the HSLA BM [48]. 

 

 

Fig. 7.2 Tensile curves of HSLA-DP980 welded joints made under different welding conditions. 
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caused during the welding procedure because they are far more sensitive under fatigue than 

under tensile load (Fig. 7.4) [46, 50].  

 

 

Fig. 7.3 Typical fatigue fracture locations at (a) low stress amplitude, and (b) high stress amplitude. 

 

Fig. 7.4 Weld profile of (a) low heat input weld and (b) high heat input weld. 

The S-N plot in Fig. 7.5 could be expressed using the Basquin equation [46, 50], 

a b 
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b

ffa N )2('  ,                                 (5.1) 

where σa is the cyclic stress amplitude, 'f is the fatigue strength coefficient defined by the 

stress intercept at 2Nf = 1, Nf is the number of cycles to failure (2Nf is the number of reversals 

to failure), and b is the fatigue strength exponent. The values of these parameters obtained by 

fitting the data points according to Eqn. (5.1) are tabulated in Table 7.1. The fatigue life of 

the welded joints could be estimated based on the values of 'f and b. Eqn. (5.1) indicates 

that the higher the value of 'f  and the smaller the absolute value of b, which is always 

negative, the longer the fatigue life. From Table 7.1, it can be seen that the high heat input 

welds have a better b value and a higher fatigue limit which means that they would have a 

better fatigue life in comparison to the low heat input samples.  
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Fig. 7.5 Comparison of S-N curves of the HSLA-DP980 welded joints with different heat inputs. 

 

 

Table 7.1. Summary of fatigue and tensile properties. 

Steel 'f
 

(MPa)
 

b Fatigue Limit 

(MPa) 

YS 

(MPa) 

UTS 

(MPa) 

Low Heat Input 450 -0.084 100 478 543 

High Heat Input 355 -0.049 150 467 548 

 

The typical fatigue fracture surface of the dissimilar HSLA-DP980 welded joints that failed 

at the lowest stress amplitudes (150 MPa for high heat input and 125 for low heat input) can 

be seen in Fig. 7.3(a). It can also be seen that crack initiation occurred at the specimen 
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surface due to the stress concentration arising from the presence of concavity and 

misalignment. The fatigue striations can be seen to be propagating in multiple directions, 

which is characteristic of this region. In the propagation region, fatigue striations can be seen 

in Figs. 7.6(c) and 7.6(d), where fatigue damage accumulated as the propagation approached 

the final fracture. Final fast fracture area consisted of characteristic dimples Figs. 7.6(e) and 

7.6(f). This is understandable since both HSLA and DP980 are quite ductile [48]. To enhance 

the fatigue strength of such dissimilar welded joints, further efforts are needed to get rid of 

the weld concavity and sheet misalignment. 
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Fig. 7.6 Fatigue fracture surface features: initiation region (a) high heat input, and (b) low heat input. 

Propagation region: (c) high heat input and (d) low heat input. Fast fracture: (e) high heat input and (f) 

low heat input. 

 

7.4 Summary 

The major conclusions that can be drawn from this work are as follows: 

a b 

c d 

e f 



 

61 
 

1. The tensile properties of the two weld heat inputs were very similar even though the 

high heat input weld had more softening than the low heat input weld. This is because 

the strength of the soft zone in both cases was still much greater than the hardness of 

the sub-critical HAZ. 

2. The low heat input welded joint had significantly more bainite in its FZ than the high 

heat input welded joint. 

3. The low heat input weld had a lower fatigue life than the high heat input welds 

because of a combination of stress concentration caused by slight misalignment of the 

welded sheets and minor concavity made in the welding process. 

 

  



 

62 
 

Chapter 8 Fatigue and Microstructure Comparison between Galvanized 

and Galvannealed DP980-DP600-HSLA Triple Dissimilar Welds 

In order to ensure the widespread use of DP steels in the automotive industry, a clear 

understanding of the relationships between the microstructural change involved in FLW and 

the static and dynamic performance of the welded joints must be evaluated in order to ensure 

the overall safety of the passenger vehicles. However, there is no literature on the dissimilar 

combination of DP980, DP600, and HSLA using the FLW process and also on the effects of 

zinc coating type on the mechanical behaviour of welded joint. This chapter is an extension 

of the previous, which aimed to characterize and compare the triple dissimilar FLWed joints 

of GI- and GA-coated DP980, DP600, and HSLA steels with respect to the microstructure, 

tensile, and fatigue performance. 

 

8.1 Microhardness 

The microhardness profiles of the GI and GA triple dissimilar welded joints can be seen in 

Fig. 8.1. From left to right across the welds, a good correlation between the GI and the GA 

coated DP980 and DP600 BMs of the welded joints and in the HAZ and FZ on the welded 

joints was observed. The microstructures of the GI and GA coated DP600 were very similar 

giving rise to similar hardness. In the DP980 samples, there was a difference in the BM 

microstructure between the GI and GA coated i.e. a small amount of bainite present in GA 

steel, which did not reflect in the hardness. However, in the HSLA part of the weldments, a 

distinct difference between the hardness of the BMs and also FZ was seen (Fig. 8.1). This 

may be the determining factor between the strengths of the two joints since the strength of the 

welded joints will be limited by the strength of their weakest components. The DP980 shows 

the “soft zone” from the tempered martensite, but not on the DP600 sides of the weld. In 
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diode laser welding, soft zone was observed in DP600 steel welds also due to the 

significantly higher heat input compared to FLW [13, 15, 62]. 

 

Fig. 8.1 Microhardness of GI and GA coated DP980-DP600-HSLA triple dissimilar welds. 

 

8.2 Tensile properties 

The representative engineering stress and strain curves for the triple dissimilar welded joints 

can be seen in Figs. 8.2 and 8.3. A summary of tensile properties can be found in Table 8.1. 

The GI coated BM samples were found to have homogeneous yield behaviour up to failure. 

Both the YS and the UTS of the triple dissimilar weld were found to be very similar to the 

values of the HSLA BM. As previously mentioned, since the HSLA was the weakest BM, it 
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stands to reason that it would decide the performance of the welded joints (Fig. 8.1) [61]. 

There is also a significant decrease in the elongation of the welded joint in comparison to all 

of the individual BMs; this decrease is due to the small amount of material that actually 

reaches the stress required for plastic deformation to occur. Since the UTS of HSLA is 

greater than the YS of DP600, only a small amount of plastic deformation is contributed by 

the DP600. The DP980, on the other hand, has a YS that is significantly greater and, 

therefore, it deformed only elastically. 

 

Fig. 8.2 Tensile tests of GI coated triple dissimilar weld and relevant BMs 

0 

200 

400 

600 

800 

1000 

1200 

0 3 6 9 12 15 18 21 

E
n

g
in

e
e
ri

n
g

 s
tr

e
s
s
, 

M
P

a
 

Engineering strain, % 

FLW DP980-DP600-HSLA GI 
DP980 GI BM 
DP600 GI BM 
HSLA GI BM 



 

65 
 

 

Fig. 8.3 Tensile test of GA coated triple dissimilar weld and relevant BMs. 

 

In the GA coated samples, the DP steels exhibited a homogeneous plastic tensile behaviour 

like the GI coated samples. The DP980 GA sample steel had lower YS and UTS in 

comparison to the GI samples (Table 8.1). Due to the high temperatures of the GA process, 

there was a slight tempering effect of the martensite (Fig. 4.4(c)) which caused the reduction 

in strength. The HSLA showed yield point phenomenon (YPP) that is caused by the pinning 

of carbon and some nitrogen [63] which was interestingly also seen in the tensile curve of the 

triple dissimilar weld and causes a slight increase in the YS since the effect is much smaller 

than in the normal HSLA BM.  
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Table 8.1 Summary of tensile and fatigue data. 

Steel 
YS 

(MPa) 

UTS 

(MPa) 

Elongation 

(%) 

Fatigue 

life  

(MPa) 

'f   

(MPa) 
b 

HSLA-GI 445 521 >20 200 302 -0.023 

HSLA-GA 357 471 >20 175 267 -0.022 

DP600-GI 370 648 >20 150 414 -0.054 

DP600-GA 407 655 >20 175 395 -0.043 

DP980-GI 711 1094 13.3 250 939 -0.091 

DP980-GA 591 926 14.4 200 633 -0.064 

Triple dissimilar 

weld-GI 
352 516 14.5 100 603 -0.105 

Triple dissimilar 

weld-GA 
370 485 14.2 100 410 -0.086 

 

8.3 Fatigue and Fractography 

In the GA triple dissimilar welded joints, the maximum stress at the highest stress amplitude 

was above the yield stress of HSLA BM, causing the yielding and failure in the BM as shown 

in Fig. 8.4(a) whereas in the GI welded joint, failure occurred in the joint and yielded into the 

DP600 BM Fig. 8.5(a). At the lower stress amplitudes, there was more scatter in the 

experimental data because the samples were failing in the weld area (Figs. 8.4(b) and 8.5(b)) 

[48]. This was partly due to the stress concentration developed by a combination of the 

concavity, the slight sheet misalignment during welding process, the difference in sheet 

thicknesses, as well as the heterogeneous microstructure caused during the welding procedure 

because they are far more sensitive under fatigue than under tensile load [45, 46, 47, 48, 59].  
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Fig. 8.4 Fatigue failure locations for GA coated triple dissimilar welds at (a) high stress amplitude, 

and (b) low stress amplitude. 
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Fig. 8.5 Fatigue failure locations for GI coated triple dissimilar welds at (a) high stress amplitude, and 

(b) low stress amplitude. 

 

The S-N plot in Fig. 8.6 and Fig. 8.7 could be expressed using the Basquin equation [46, 48], 

 
b

ffa N )2('  ,                                 (5.1) 

where σa is the cyclic stress amplitude, 'f is the fatigue strength coefficient defined by the 

stress intercept at 2Nf = 1, Nf is the number of cycles to failure (2Nf is the number of reversals 

to failure), and b is the fatigue strength exponent. The values of these parameters obtained by 

fitting the data points according to Eq. (5.1) are tabulated in Table 8.1. The fatigue life of the 

welded joints that could be estimated based on the values of 'f and b. Eq. (5.1) indicates 

that the higher the value of 'f  and the smaller the absolute value of b, which is always 
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negative, the longer the fatigue life. From Table 8.1, it can be seen that the GA coated base 

metals and triple dissimilar welds have lower b values while the GI coated BMs and welded 

joints have a higher 'f . The difference in the fatigue life of the two welded joints was the 

same and was lower than all of the corresponding BMs. The differences in the BMs fatigue 

life were primarily due to the respective strengths of the BMs. 

 

 

Fig. 8.6 S-N curve of GI coated triple dissimilar welds and related BMs [10]. 
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Fig. 8.7 S-N curve of GA coated triple dissimilar welds and related BMs. 

 

The typical fatigue fracture surface of the triple dissimilar welded joints that failed at the 

lowest stress amplitudes (125 MPa for each) can be seen in Figs. 8.4(b) and 8.5(b). The 

failure of the joints at low stress amplitudes exhibited typical fatigue failure traits. The 

overall fracture surfaces can be seen in Figs. 8.8(a) and 8.9(a). In the crack initiation region, 

characteristic fatigue striations can be seen to be propagating in multiple directions Figs. 

8.8(b) and 8.9(b). Moving farther into the sample, the propagation region is reached where 

the fatigue striations can be seen again, but all the propagation is radiating away from the 

initiation region (Figs. 8.8(c) and 8.9(c)). This is where fatigue damage accumulated until the 

crack grew large enough for final fracture. The final fast fracture area consisted of dimple 

fracture (Figs. 8.8(c) and 8.9(c)) characteristic of microvoid formation in ductile materials 

such as DP and HSLA steels (Table 8.1) [33, 48]. To enhance the fatigue strength of such 
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dissimilar welded joints, further efforts are needed to reduce weld concavity, sheet 

misalignment, and size mismatch [45, 59]. 

 

 

Fig. 8.8 Fracture surface of GI coated triple dissimilar weld, (a) Overall fracture surface, (b) initiation 

region, (c) propagation region, (d) fast fracture region. 
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Fig. 8.9 Fracture surface of GA coated triple dissimilar weld, (a) Overall fracture surface, (b) 

initiation region, (c) propagation region, (d) fast fracture region. 

 

8.4 Summary 

The following conclusions could be drawn from the analysis of the microstructure, 

microhardness, tensile, and fatigue properties of the dissimilar welded joints: 

1. The GA coated HSLA BM exhibited YPP which was seen in the GA coated triple 

dissimilar weld, causing an apparent increase in the YS using the normal method of 

measuring YS. 

2. According to both the tensile and the fatigue data, GI coated samples were found to 

have higher strength values in general. The GA coated samples had better b values 
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indicating better overall fatigue life, but the GI coated samples had higher 'f  values 

meaning that they were stronger under low cycle fatigue. 

3. Coating type was not observed to affect the tensile and fatigue properties of the 

welded joints, which was rather dominated by BM strength, concavity, sheet 

alignment and difference in sheet thickness. 
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Chapter 9 Fiber Laser Welding of dual-phase DP980 steel: Effects of Heat 

Input and Chemistry on Softening and Performance 

The previous chapters have examined the effect of dissimilar welding between DP980 and 

HSLA using FLW. This chapter examines the effects of different heat inputs on the 

mechanical properties of different similarly FLWed DP980 joints of different chemistry. 

9.1 Microhardness 

The hardness profiles of the steels are given in Figs. 9.1 and 9.2 for the welds made with low 

and high heat input, respectively. The metallurgical changes caused by FLW resulted in a 

large variation in the hardness across the weldments. For both steels, the FZ greatly increased 

in hardness compared to the BM. The width of the fusion zone in both steels was found to be 

in the range of 450 to 550 µm.. The DP980 Lean weld possessed a higher average hardness in 

the FZ, while the DP980 Rich steel weld showed a lower average hardness (Table 9.1); this 

difference in hardness is attributed to the difference in carbon content of the steels, see Table 

3.1. 
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Fig. 9.1 Vickers hardness profiles for low heat input welds; error bars show one standard deviation. 

 

Fig. 9.2 Vickers hardness profiles for low heat input welds; error bars show one standard deviation. 
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Table 9.1 Soft zone properties of welded DP980 Rich and Lean steels 

Steel 

Welding 

Speed 

(m/min) 

Laser 

Power 

(kW) 

Heat 

Input 

(J/mm
2
) 

FZ 

Hardness 

(HV) 

Softening 

(%) 

Soft Zone 

Width (µm) 

DP980 Lean 20.5 4 9.76 468 17.2 400 

DP980 Lean 10 2 10 452 18.8 650 

DP980 Rich 20.5 4 9.76 420 4.5 100 

DP980 Rich 10 2 10 408 6.1 200 

 

Yurioka et al. [64] showed that the hardness of martensite could be predicted by the carbon 

content of the steel using Eqn. (9.1): 

                                 (9.1) 

From Eqn. 9.1 it is clear that higher bulk carbon content leads to a harder martensite phase, as 

was also observed in the literature [64]. For DP980 Rich welded at the low heat input, the 

predicted and measured values of the maximum hardness were 373 HV and 420 HV, 

respectively, while DP980 Lean resulted in a predicted hardness of 426 HV and measured 

hardness of 468 HV (Table 9.1). This difference in hardness is corroborated by similar study 

on arc welding conducted by Yurioka et al. [64], which reported that higher cooling rates 

resulted in higher hardness values than predicted. Laser welding possesses a much higher 

cooling rate than arc welding due to its higher speed [20, 39, 65]. This high cooling rate leads 

to finer grain size in the FZ, which would cause an increase in hardness [40, 66, 67]. 

Therefore, as both the steels were welded with similar welding speed (cooling rate), the 

higher FZ hardness in the DP980 Lean was determined to be only a result of the higher 

carbon content of the steel compared to DP980 Rich. 

The hardness profiles of all the welds (high speed; Fig. 9.1 and low speed; Fig. 9.2) showed a 

steep gradient in the HAZ in which the hardness of the material rapidly increased as the FZ 

was approached. In addition, the hardness was observed to drop significantly below the BM 
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hardness in both the steels at the subcritical HAZ (marked as soft zone in Fig. 9.1 and Fig. 

9.2), which is well known as HAZ softening [60, 42, 68, 69]. The width of the soft zone for 

DP980 Rich and DP980 Lean was measured to be about 100 µm and 400 µm, respectively. 

The soft zone width was also found to decrease with increases in the welding speed (Table 

9.1), which has been seen in earlier studies [12]. Furthermore the reduction in the BM 

hardness i.e. severity of softening was also observed to decrease with increasing welding 

speed (Table 9.1); where softening is defined as: 

                     
    

   
               (9.2)       

Where HBM is the BM hardness and HHAZ is the minimum hardness observed in the HAZ. 

In addition to the heat input, softening was observed to be dependent on the chemistry of the 

steel. For instance, DP980 Rich softened to a lower extent when compared to DP980 Lean, 

when both are welded with similar welding parameters (Table 9.1). The reason for increasing 

resistance to softening has been reported to be the substitutional alloying elements (Mn, Cr, 

Mo), which restrict the diffusion of carbon to form cementite and thus stabilize the martensite 

phase [42]. 

 

9.2 Tensile properties 

The stress strain plots for the BM and welded joints of DP980 Rich and DP980 Lean are 

shown in Figs. 9.3 and 9.4, respectively. It is clearly seen that the DP980 Lean welded joints 

showed reduction in the elongation of the samples when compared to BM (Fig. 9.4) while 

DP980 Rich showed similar tensile properties as its BM (Fig. 9.3). Interestingly, the strength 

of both the steels did not change after welding at different heat inputs. The difference in the 

hardness values between the two steels (Figs. 9.1 and 9.2) was reflected in the tensile curves 
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(Figs. 9.3 and 9.4). For example,  the ultimate tensile strengths for high and low heat inputs 

of the DP980 Lean chemistry were 1065 MPa and 1067 MPa, respectively, and for DP980 

Rich were 1020 MPa and 1017 MPa, respectively. It can also be noted that there was 

insignificant difference between the two different heat inputs on the final tensile performance 

of the welded joints. This is likely due to the fact that the different amount of HAZ softening 

that each of the two DP980 samples experienced from the welding process was minimal 

between the heat inputs. From Table 9.1, the degree of softening in the DP980 Lean is much 

greater than that of the DP980 Rich, which would lead to a greater effect of the sub-critical 

HAZ during the tensile test. In previous studies [10, 12, 69, 70] it has been seen that the 

degree of softening and the size of the HAZ have had a strong influence over tensile 

behaviour, with the decrease in the size of the sub-critical HAZ (Table 9.1) in FLW 

compared to other laser welding, the effect of softening on determining the overall specimens 

until the UTS is reached was reduced. Because of this, the failure in the tensile testing 

consistently occurred in the tempered region of the specimens for the DP980 Lean samples 

whereas DP980 Rich steel welds failed in the BM. 
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Fig. 9.3 Tensile curve for DP980 Rich at high and low heat inputs. 
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Fig. 9.4 Tensile curve for DP980 Lean at high and low heat inputs. 

 

9.3 Formability 

Limiting dome height (LDH) testing indicated that the DP980 Rich and DP980 Lean BM 

exhibited similar formability (Table 9.2) as demonstrated by the insignificant difference in 

their LDH values. Both the BMs failed with the crack growing parallel to the rolling direction 

as shown in Fig. 9.5. As expected, the higher softening in the DP980 Lean steel yielded a 

larger reduction (7-9 mm) in the LDH value of welded blank (Table 9.2) whereas for the 

DP980 Rich welds, which showed better resistance to softening, the reduction in LDH values 

was very low (~0.5 mm), irrespective of the heat input. Interestingly, the welded DP980 Lean 

steel demonstrated failure parallel to the weld line while the DP980 Rich steel welded blanks 

failed across the weld line and parallel to the rolling direction similar to its BM (Fig. 9.5). It 
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may be recalled that during tensile testing, DP980 Rich attained properties similar to its BM. 

Panda et al. [44] have reported that the ductility in the single axial tensile testing was not 

always representative of the stretchability in bi-axial stretch forming due to the difference in 

the loading condition. However, previous studies predicted that as heat input was reduced, the 

welded blanks attained properties closer to that of the BM [69, 70]. Laser welded blanks 

made by FLW, due to its low heat input, were able to attain BM like properties for the DP980 

Rich steel, but not the DP980 Lean. The low heat input of FLW and higher alloying content 

of DP980 Rich formed a weld in which the influence of softening was negligible on tensile 

properties and formability. 

Table 9.2 Limiting dome height and dome force of welded DP steels 

Steel 
Welding Speed 

(m/min) 

Laser Power 

(kW) 

Max. Dome 

Force (kN) 

LDH 

(mm) 

DP980 Rich … … 142 29.5 

DP980 Rich 20.5 4 155 29.2 

DP980 Rich 10 2 157 29.0 

DP980 Lean … … 155 29.4 

DP980 Lean 20.5 4 107 21.6 

DP980 Lean 10 2 105 20.4 
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Fig. 9.5 Fracture location of Formed Domes. 

 

9.4 Fatigue and Fracture 

Fatigue results (Fig. 9.6) indicated distinct difference in the durability of the DP980 Rich and 

DP980 Lean steels when welded using low heat inputs, and there was a difference between 

the different heat inputs for each sample chemistry. The S-N curves that were generated by 

the fatigue tests were fitted using the Basquin equation [46]: 

 
b

ffa N )2(' 
.
                 (5.1) 

Where σa is the cyclic stress amplitude, 'f is the fatigue strength coefficient defined by the 

stress intercept at 2Nf =1, Nf is the number of cycles to failure (2Nf is the number of reversals 

to failure), and b is the fatigue strength exponent [33, 34, 46]. The information from the 
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Basquin equation is summarized in Table 9.3. From this it can be seen that there is a 

difference between the DP980 Rich and DP980 Lean as well as between the different heat 

inputs. Examination of the tensile properties and formability showed very little difference 

between the two welding conditions because these tests are not as sensitive to notches as 

fatigue tests [45, 46, 59]. Welds made with both the heat inputs were defect free with 

acceptable concavity [59]; however, the higher heat input samples had even less concavity 

than the lower heat input welds and caused the difference between the welding conditions for 

both the Lean and Rich DP980 materials. 

 

 Fig. 9.6 S-N curve of DP980 Rich and Lean at the different heat inputs.
 

It can be seen in the summarized data of fatigue results (Table 9.3) that the DP980 Rich had 

better improved fatigue properties than the Lean DP980 samples. Possible reasons for this are 
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chemistry and the slight difference in strength between the two BMs. As it can be seen in Fig. 

9.7, the DP980 Lean samples always failed in or around the HAZ due to the large difference 

in strength between its BM hardness and the hardness of the sub-critical HAZ; whereas at 

higher stress amplitudes the DP980 Rich samples failed in the BM and in the HAZ for low 

stress amplitude tests. 
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Fig. 9.7 Typical fracture locations of both heat inputs (a) high stress amplitude Rich DP980, (b) low 

stress amplitude Rich DP980, (c) high stress amplitude Lean DP980, (d) low stress amplitude Lean 

DP980. 

 

Table 9.3 Fatigue data for the DP980 Rich and Lean base metals and the different heat inputs 

Steel 
Welding Speed 

(m/min) 

Laser Power 

(kW) 

Fatigue Limit 

(MPa) 

σ’f  

(MPa) 

n 

DP980 Rich … … 250 730 -0.0722 

DP980 Rich 20.5 4 100 1338 -0.1407 

DP980 Rich 10 2 200 712 -0.0701 

DP980 Lean … … 250 939 -0.0909 

DP980 Lean 20.5 4 100> 2410 -0.2145 

DP980 Lean 10 2 200 1018 -0.1019 

 

Fig. 9.8 shows the fatigue fracture surface for both the DP980 Rich and DP980 Lean samples 

at low stress amplitudes. Within each of the samples, three specific regions were found 

common to steel fatigue failure: the initiation region (Fig. 9.9), the propagation region (Fig. 

9.10), and the fast fracture region (Fig. 9.11). The initiation region characteristically has 

fatigue striations going in different directions due to the initial forming of the fatigue crack; 

the propagation region where the fatigue crack growth occurred shows striations that are 

moving away from the crack initiation region; and in the fast fracture region the crack grew 

to a critical size and the sample started to fail catastrophically and showed ductile cup and 

cone failure on the fracture surface [10, 33, 48]. 

d 

20 mm 



 

86 
 

 

Fig. 9.8 Overall fracture surfaces of relative low stress amplitude tests for (a) high heat input DP980 

Rich, (b) low heat input DP980 Rich, (c) high heat input DP980 Lean, and (d) low heat input DP980 

Lean. 

 

The low heat input DP980 Rich (Fig 9.8(b)) sample showed multiple regions of crack 

initiation with one dominating over the other initiation sites, whereas the DP980 lean samples 

only showed a single crack that grew to failure. These additional regions of crack initiation 

could be one of the leading causes of the difference in strength between the different heat 

inputs and the fact that additional crack growth occurred allowing for the sample to fail at a 

lower stress amplitude. 

a b 

c d 
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Fig. 9.9 Fracture initiation sites of (a) high heat input DP980 Rich, (b) low heat input DP980 Rich, (c) 

high heat input DP980 Lean, and (d) low heat input DP980 Lean. 

 

c 

b a 
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Fig. 9.10 Fracture propagation region of (a) high heat input DP980 Rich, (b) low heat input DP980 

Rich, (c) high heat input DP980 Lean, and (d) low heat input DP980 Lean. 
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Fig. 9.11 Fast Fracture region of (a) high heat input DP980 Rich, (b) low heat input DP980 Rich, (c) 

high heat input DP980 Lean, and (d) low heat input DP980 Lean. 

 

9.5 Summary 

The higher alloying additions formed a more stable martensite phase which was resistant to 

softening, while the lower alloying addition of DP980 Lean led to severe tempering of the 

martensitic phases, which deformed locally during loading, causing premature failure in the 

soft zone. DP980 Lean demonstrated poor tensile strength and severe reductions in 

formability due to more severe softening, while DP980 Rich showed little change in the 

mechanical properties (tensile and formability) because of negligible softening; instead, the 

reduction in mechanical properties was attributed to the reduced elongation in the FZ of the 

weld. According to the S-N curve, there was a significant difference between the high and 

low heat inputs in both of the DP980 Rich and DP980 Lean samples. A large difference in the 

c 

a b 
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fatigue strength of the two steels was seen when compared at similar heat inputs showing that 

the DP980 Rich chemistry had overall better fatigue properties when welded, which was 

expected because of higher BM strength of the DP980 Lean steel.  
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Chapter 10 Conclusions 

10.1 Conclusions 

From the work that has been accumulated by analysing the microstructure, microhardness 

profiles, tensile curves, formability, fatigue, and the fractography of the specimens of the 

different dissimilarly FLWed joints, several conclusions can be drawn from this work. 

1. In all of the dissimilar welded joints, the sub-critical HAZ had little to no effect on the 

tensile properties since the strength of the sub-critical region in DP980 was still 

greater than that of HSLA BM. 

2. For fatigue tests at RT and tensile tests at different temperatures of the dissimilar 

welded joints, the samples behaviour was dominated by the strength of the HSLA. 

3. The DP980 Lean welded joints at high temperature did not exhibit the dynamic strain 

aging (DSA) behaviour. 

4. The FLW parameters did not have a significant effect on the tensile properties, but the 

concavity that was generated affected the fatigue results. 

5. The GA coating process had a tempering effect on the DP980 BM which lowered the 

mechanical properties slightly. 

6. The rich chemistry of DP980 made the martensite phase more stable which decreased 

the degree of softening in the welded joint and increased the overall mechanical 

properties. 

These conclusions show how DP steels could be used as a material in the manufacturing of 

dissimilar TWB components. It also shows that the use of FLW to join these components can 

produce good quality welded joints at high production rates. 
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10.2 Future Work 

Several things that can be done as a continuation of this research work are as follows: 

1. An examination the effects of different combinations of dissimilar materials. 

2. Further study of the effect of GI and GA coating on mechanical properties and 

characterizing the GA coating. Also looking into other coating methods like 

electrogalvanizing (EG). 

3. Since it was found that there was significant difference in the mechanical properties 

between different DP980 joints, a deeper look into the chemistry of DP980 should be 

undertaken along with a look at how DP980’s different microstructures change the 

welded joint behaviour. 

4. Further work on the FLW process in order to reduce/eliminate the concavity that it 

created in order to increase the fatigue life of the welded joints.  
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