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ABSTRACT 

For automotive industry, distortion introduced by welding of the thin sheet metals could be 

problematic in the assembly of auto-body. In addition, fatigue life of the lap-joint panels using advanced 

high strength steels (AHSS) is typically limited by the weldments. Low transformation temperature 

welding (LTTW) consumables are characterized by low martensite start temperature and large fraction of 

martensite forming in the weld. It can efficiently reduce the tensile residual stress because the volume 

expansion associated with the martensitic transformation compensates for the thermal contraction during 

cooling. In this work, a LTTW wire, EH200B, was designed for arc welding of DP980 AHSS thin plates. 

Its composition was tailored for electrode weldability optimization. Effects of the LTTW wire on weld 

microstructure, distortion, residual stresses distribution, and fatigue properties of the lap joint panels were 

studied in this research, and compared to the conventional ER70S-3 wire. In comparison to the weld 

microstructure of complete ferrite using conventional wire, the weldment using LTTW wire consists of 90 

vol.% martensite. Distortion pattern of thin sheets with bead-on-plate (BOP) welds using LTTW wire was 

opposite from those using conventional wire. Residual stresses in the BOP welded sheets using the two 

types of wires were measured using neutron diffraction method. The mapping results along middle 

thickness of the plates showed that in longitudinal direction, which typically yields a higher stress level 

than other directions, LTTW wire welded sheet showed lower residual stresses in the weld and HAZ. 

Fatigue life of lap joint panels using LTTW wire was almost twice of that using conventional wire. 
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CHAPTER 1 

INTRODUCTION 

For automotive industry, Gas Metal Arc Welding is an important welding process when there is 

requirement of structure strength. With the development of Advanced High Strength Steels (AHSS), the 

strength and fatigue life of welded structure using AHSS as base materials also need to be improved with 

proper welding wires. Undermatching welds using lower strength welding wire is common for current 

AHSS welding, while the strength and fatigue life of the welded panels could be decreased. In addition, 

welding on thin steel sheets could cause distortion and thus problems with assembly of the auto-body. 

Therefore, Low Transformation Temperature Welding(LTTW) consumables which typically have low Ms 

temperature and high volume fraction of martensite are studied in this research. 

The concept of LTTW consumables could be traced back to Jones and Alberry in 1977. They 

found that residual stress of steels was decrease during the FCC to BCC phase transformation and the 

lower phase transformation temperature it is, the lower the residuals stresses will be. In 1999, Ohta et al. 

adopted the concept and manufactured 10Cr-10Ni LTTW consumables. The consumable increased the 

fatigue life of box welds using thick structural steel as base metal by almost three times compared with 

traditional wire. The residual stresses in the LTTW welds were also found to be decreased. There were 

various studies following their research. Fatigue properties of weld metal or welded panels using different 

LTTW consumables were found to be increased. Residual stresses of the welded structure were measured 

using destructive and not-destructive techniques and simulated with FEA method.  

However, the residual stresses being measure1d with traditional method is usually surface residual 

stresses. With the advance of neutron science, volume residual stresses could be mapped for large 

structures using neutron or synchrotron techniques. However, research on residual stress mapping for thin 

structures are limited, due to generally large gauge volume of neutron beams. 

In addition, the fatigue testing of lap joint panels instead of weld itself has brought more and 

more interest for the automotive industry since weld start and end usually affect the fatigue life of auto-

body. Various research has performed on different grades AHSS steel which showed that the fatigue 

properties of lap joint panels were non-sensitive to current AHSS steel grades with conventional welding 

consumables. 

Therefore, in this research, LTTW consumables is compared with commercial wire in terms of 

weld microstructure, hardness, distortion, residual stresses and fatigue properties. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Base Materials and Welding Consumables 
Base materials are thin steel sheets and welding consumables are metal-cored wires or solid 

wires. 

2.1.1 Base Materials: A36 Steels and DP Steels 
Low carbon steel containing less than 0.25% carbon are widely used in buildings, pipeline, 

bridges and automotive industry. For automotive industry, the need for fuel economy leads to the 

necessity to lower the weight and size of vehicles. Therefore, there are various alloying and processing 

approaches to develop steels with the improved strength and ductility[1]. Dual-phase(DP) steels are one 

of the Advanced High Strength Steels(AHSS). DP steels consist of ferrite and martensite microstructure 

along with possible bainite phase after being directly cooled down to room temperature from intercritical 

temperature. 

A36 steels are a commonly used structural steel with minimum yield strength of 36 ksi, the 

microstructure of which is ferrite. 

2.1.2 Welding of AHSS 

For the AHSS steel sheets, Resistance Spot Welding(RSW) process is widely adopted for a lot of 

autobody welding. Different welding parameters along with advanced welding processes have been 

examined in order to optimize the microstructure and mechanical properties of the weld nuggets and the 

HAZ [2][3][4][5][6][7]. 

Gas Metal Arc Welding (GMAW) is also an important welding process especially when higher 

strength is required for auto-body. For GMAW welding of butt weld or lap joint, both the welding 

procedure and the selection of welding consumables are crucial [8]. 

With the development of AHSS steels, the selection of welding consumables became more 

important and necessary. Undermatching is common for AHSS welding which means the welding wire 

has lower strength than the base metal. However, the high strength nature of AHSS steels could be limited 

by the welds. For the welding wires with 70ksi nominal strength, the HAZ softening could be the weakest 

part for static tensile strength and toughness [9], [10], [11]. 

Recent A/SP, DOE lightweight materials program [12],[13], [14] and others [15], [16], [17] found 

that fatigue life of AHSS welds is insensitive to parent metal strength for current AHSS grades steels. 

Figure 2.1 showed examples of S-N curves for lap joint welds [15], [18]. Figure 2.2 even showed that the 

fatigue life of the lap joint is not sensitive to welding wire strength by comparing the 70ksi welding wire 

and the 90ksi welding wire. 
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Figure 2.1 S-N curves of GMAW lap joint welds of various. From [15] and [18]. 
 

 

Figure 2.2 Fatigue performance evaluation of GMAW welds in DP780 coated AHSS with 70ksi and 90ksi 
filler metal. 

 

2.1.3 LTTW Consumables with Low Ms 
The concept of Low Transformation Temperature Welding(LTTW) consumables was originally 

brought up by Jones and Alberry [19] in 1977. In their research, residual stresses were simulated with 

themo-mechanical process along with mechanical testing data for three different steels 2CrMo, 9CrMo, 

and AISI316, with the microstructure of bainite, martensite and austenite respectively. The results are 

summarized in Figure 2.3. For austenitic steel, the residual stresses continuously increase during cooling. 

However, both the martensitic and bainitic steels, which are categorized as ferritic steels then, showed 

similar patterns of stress accumulation during the cooling period of the simulated thermal cycle. Residual 
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stresses are decreased by the phase transformation during cooling. Only when the transformation 

completed did the high residual stresses developed. By comparing the two “ferritic steels”, they stated 

that lowering the transformation temperature of the welding wire could reduce the absolute level of 

residual stresses in the welded joint. 

Based on the principle of using low transformation temperature welding wire to reduce residual 

stress in the weld, Ohta et al. [20], [21],[22] presented a low transformation temperature welding 

consumable, 10Cr-10Ni, which has raised great interest in the LTTW research area since then. The 

LTTW welding consumable they developed not only reduced the tensile residual stresses, but also 

induced compressive residual stresses into the weld, and thus improved fatigue life of the weld. 

 

Figure 2.3 Accumulation of stress during cooling period for the martensitic, bainitic, austenitic steels. 
 

2.2 Chemical Inhomogeneties in the Weld 

2.2.1 Equilibrium Distribution Coefficient and Microsegregation  
According to the equilibrium phase diagram, at certain temperature at which liquid and solid are 

both present, the compositional tie line occurs and compositions of the solutes in the liquid and the solid 

are different[23]. The equilibrium distribution coefficient k0 is then defined to represent the solute 

redistribution in the solid and the liquid in Figure 2.5. � = ��  
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Local thermodynamic equilibrium exists at the moving solid-liquid interface through diffusion or 

convective mixing during solidification. Solutes exchange by short-range diffusive fluctuations across the 

phase boundary in order to maintain equal chemical potentials on both sides of the solid-liquid interface. 

There are several theories in order to understand the solute redistribution during solidification. The Scheil 

equation, for example, assumes there are complete diffusion in the liquid and no diffusion in the already 

formed solid with a constant k throughout solidification. Elements segregations are all from the 

partitioning between the liquid and solid, in other words, during solidification, no post-solidification 

diffusion is considered in this theory. Other theories incorporate solid state diffusion and convection in 

the liquid [24]. Figure 2.4 shows an example for a specific steel (C:0.13wt%, Si:0.35wt%, Mn: 1.52wt%, 

P:0.016wt%, S:0.002wt%) using different models. Qualitatively speaking, since k=0.77, the Mn 

segregates to the region where the liquid solidifies the last based on all methods. The Scheil equation 

might provide the highest level of segregation into the last region to solidify since no solid diffusion 

happens. 

For the case of welding, microsegregation occurs over a long distance, which could be from the 

solidification cell core to the solidification cell boundaries. Even for the same chemical composition, the 

microsegregation and the microstructure of the weld could be considerably different from those of the 

base material. Plane-front solidification model developed for casting could be used for welding 

simulation. However, the solidification velocities and the cooling rates of welding are much higher than 

those of castings, the resultant finer solidification structure could affect the degree of microsegregation 

significantly. Some researchers have tried to model the microsegregation in welds but it is quite complex 

especially when both the solidification and solid-state transformation are considered. Brooks et al. have 

incorporated solid-state diffusion in the Scheil equation and the results actually states that Scheil equation 

should be more accurate in the modeling of microsegregation [25]. In many alloys systems, the crystalline 

solid has a high degree of long-range order compared with liquid, thus may provide less ways for solute 

atoms and impurities to accommodate and the equilibrium distribution coefficient is less than one. 

However, there are notable exceptions where the equilibrium distribution coefficient is larger than one, 

for example, when there are strong interactions between the solute atoms and the surrounding lattice 

atoms in the solid, or when two elements happen to exhibit complete mutual solid-solubility. In many 

cases, varying the alloying content of certain elements could change the partitioning coefficient from k<1 

to k>1. The Fe-Cr phase diagram [26] is an example. For the system with smaller composition of Cr 

(<21.5 at. % or 20 wt. %), the partitioning coefficient is less than one. With higher composition of Cr, the 

partitioning coefficient is larger than one. 
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Figure 2.4 Comparison of Mn concentration in the liquid calculated by various simple equations with the 
present finite-difference model results.[24] 

 

 

Figure 2.5 Binary phase diagram with the equilibrium distribution coefficient, k0, for a dilute alloy with 
overall composition C0. 
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Figure 2.6 Iron-Chromium phase diagram.[26] 
 

2.2.2 Macrosegregation and Banding 

In addition to microsegregation, macrosegregation like banding could also occur in the weld 

because of thermal fluctuations caused by unstable flow (arc resonance or the Lorentz forces acting on the 

pool). Thermal fluctuations could change the freezing rate of the liquid weld pool suddenly, resulting in 

the solid growth rate fluctuations and the sudden change in the solutes concentrations in the solid. 

Discussion is focused on elements with k value less than one which means there is higher solute 

concentration in the liquid. When the growth rate increases suddenly, the solute content in the solid will 

increase accordingly. This is because Cl>Cs, when the local equilibrium is broken, the more concentrated 

solute in the liquid tends to be trapped in the suddenly solidified weld metal. Similarly, a sudden decrease 

in the growth rate results in a sudden decrease in the solute concentration in the solidified weld metal. 

2.3 Solidification Structure and Weld Microstructure  
2.3.1 Solidification Structure 

For steel, the solid/liquid interface during solidification is hard to maintain planar like the pure 

metal does. Solidification modes including planar, cellular, or dendritic can all occur depending on the 

different welding and solidification conditions. Cooling rate affects the temperature gradient G and 

solidified structure growth rate R. The combined effect of growth rate and temperature gradient on the 

morphology and size of solidification microstructure are shown in Figure 2.7.[27]. 

Solidification modes can also vary within one single weld at different locations. In Kou’s book 

[27], he summarized the relationship between the welding speed and the growth rate = � ∙ �, where 

α is the angle between the welding speed and the normal of the weld pool boundary in  
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Figure 2.8. The solidification rate R=V at the welding centerline, R=0 at the fusion line as 

illustrated in Figure 2.8. For the temperature gradient, since weld pool usually has an elliptical shape, the 

distance between the maximum pool temperature Tm and the weld boundary temperature TL is larger at 

the weld centerline than that at the weld fusion boundary TFL. Therefore, the temperature gradient which 

is normal to the weld pool at centerline GCL is smaller than that at the weld fusion boundary GFL. With 

RCL>RFL and GCL<GFL, � � ≫ � , which means the solidification mode of the weld centerline tends 

to be at the bottom right of Figure 2.7 and the solidification mode of the weld fusion line tends to be at the 

top left of Figure 2.7. Figure 2.10 gives an example of one single weld including four solidification 

modes. Notice that not all weld deposit has all four solidification modes.  

 

Figure 2.7 Effect of temperature gradient G and growth rate R on the morphology and size of 
solidification microstructure.[27] 

 

 

Figure 2.8 Variation in growth rate along pool boundary.[27] 
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Figure 2.9 Variations in temperature gradient G and growth rate R along pool boundary.[27] 
 

 

Figure 2.10 Variation in solidification mode across the fusion zone.[27] 
 

2.3.2 Weld Microstructure Prediction 

2.3.2.1 Constitution Diagrams 
Stainless steels have been developed with the high content of chromium for corrosion resistance. 

Many other alloying elements have also been added to stabilize other phases for additional corrosion 

resistance or enhanced mechanical properties. Considerable efforts have been made to develop 

constitution diagrams which predict the microstructure of the wrought materials or the weld materials 

based on chemical compositions. 

Olson [28] in 1985 summarized constitution diagrams developed by then to predict weld 

microstructure focused on austenitic filler material. Strauss and Maurer [29] developed a nickel-

chromium diagram to predict the microstructure of wrought materials based on the nickel and chromium 

content. Scherer, Reidrich and Hoch [30] modified the diagram and the modified Maurer diagram covers 

the content range of chromium from 0 to 26 weight percent and nickel from 0 to 25 weight percent with 

specific limitations on carbon(0.07-0.13wt.%), silicon(0.23-0.37wt.%) and manganese(0.07-0.17wt.%) 

contents. The diagram was able to define regions of austenite, ferrite, martensite, troostosorbite (tempered 

martensite and bainite). 
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Figure 2.11 The nickel-chromium diagram used by Maurer to predict microstructure.[28] 
 

Newell and Fleischmann[31] were the first to define austenite stability at the 

austnite/austenite+ferrite boundary as a function of alloy content. Elements including chromium, 

molybdenum, mangnese, cabron are asigned different coefficients for the effectiveness of stablizing 

austenite compared with nickel. In Equation ( 2.1 ), the square term for elements of chromium and 

molybdenum corresponds to the curved boundary for the austenite/austenite+ferrite region on the Maurer 

diagram in Figure 2.11. For this equaiton, the chromium composition ranges from 14 to 19 weight percent 

and nickel composition ranges from 10 to 16 weight percent for this equation. � = � + − 6 2 − + . − � + 8       ( 2.1 ) 

The constitution diagram in Figure 2.11 and the equation ( 2.1 ) were developed for wrought 

steel. With the increased development in welding applications, there has been more development of 

similar constitution diagrams for welding. 

Elements were grouped to austenite promoters and ferrite promoters in Equation ( 2.2 ) for 

austenite/austenite+ferrite boundary by Field, Bloom and Linnert [32]. The chromium composition ranges 

from 18 to 21 weight percent and nickel composition ranges from 9 to 11 weight percent. � + . + � = � + − 6 2 +        ( 2.2 ) 

Campbell and Thomas[33] developed the equivalence concept and the Cr =Cr+1.58Mo+2Nb. 

Binder, Brown and Franks [34] modified the equation for austenite stability relative to delta ferrite 

stability in liner equations without quadratic terms. 
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Schaeffler [35] combined the equivalence concepts, the equations for the austenite stability, and 

the Strauss-Maurer diagram and developed the first Schaeffler diagram in 1947. Austenite promoters 

including nickel, manganese, carbon are designated as nickel equivalent(Nieq) and the ferrite promoters 

including chromium, molybdenum are designated as chromium equivalent(Creq). The original Schaeffler 

diagram is shown in Figure 2.12, in which the Nieq=Ni+0.5Mn+30C, and the Creq=Cr+2.5Si+1.8Mo+2Nb. 

The development of the diagram also based on experiments using shielded metal arc welding process, for 

which nitrogen was not considered. 

Schaeffler also defined the austenite/austenite+ferrite boundary in the Equation based on 

experimental data. �� = (� ��− 6)2 +             .   

The quadratic term for Creq corresponds to the curvature in the diagram. Notice the heat input and 

cooling rate will cause shifts in the solidified microstructure. Later in 1948, Schaeffler [36] modified the 

diagram and the austenite/austenite+ferrite boundary became a straight line. Quantitative prediction of the 

weld metal microstructure especially at the right side for the delta ferrite content was addressed. 

 

Figure 2.12 Original Schaeffler diagram (1947) with Maurer's nickel-chromium diagram and  nonlinear 
boundaries.[36]  
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Figure 2.13 Schaeffler diagram (1948) with quantitative prediction of delta ferrite content and linear 
boundaries.[36] 

 

In 1949, Schaeffler finalized the Schaeffler diagram [37] which is the diagram we use often 

today. The chromium equivalent was modified to be � � = � + + . � + .         ( 2.4 ) 

The final Schaeffler diagram was reported to accurately predict the microstructure of 300 series 

stainless steel welds within ±4% ferrite and quantitatively accurate in predicting martensite and 

martensite+ferrite microstructures in straight chromium and chromium-molybdenum stainless steel welds. 

 

Figure 2.14 The Schaeffler Diagram(1949).[37] 
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Delong and Reid [38] investigated the portion of austenitic stainless steel welds in Schaeffler 

diagram and they introduced nitrogen into the Nieq to predict the ferrite percent more accurately. Later in 

1973, Long and Delong [39] developed a new diagram in Figure 2.15 using Ferrite Number (FN) instead 

of ferrite percent. The FN was adopted for the quantitation of ferrite recommended by Welding Research 

Council (WRC) based on magnetic measurement, which replaced the ferrite percent determined by 

metallographic method which is difficult to obtain for austenitic stainless steel. Round robin tests 

performed by WRC showed ferrite percent values using metallographic method could be 0.6 to 1.6 times 

the average ferrite percent. On the other hand, magnetic FN values varied less than ±10% or ±14% from 

the averaged values depending on two different calibration standards.   

Siewert et al. [40] proposed a new diagram including expanded the chemical composition range 

from 0-18 FN to 0-100FN and included solidification modes of austenitic stainless steel weld. The 

diagram is known as WRC-1988 diagram in Figure 2.16. 

 

Figure 2.15 Delong diagram (1973) with Ferrite Number introduced. [39] 
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Figure 2.16 WRC-1988 diagram with solidification mode boundaries. [40] 
 

Later on, several studies included copper addition to the Nieq [41], [42], [43] . In 1992, Kotechi 

and Siewert improved the WRC-1988 by including copper in the Nieq with a coefficient of 0.25 which is 

known as WRC-1992 diagram [44]. The WRC-1992 diagram most accurately predicted the FN in the 

austenitic and duplex stainless steel welds.  

Notice that most of the constitution diagrams above focused on the austenitic stainless steel 

welds, for which delta ferrite content was the key concern. Schaeffler diagram also included martensite 

regions and has also been used especially for dissimilar welds in order to avoid the martensite formation. 

Ferritic and martensitic stainless steel has been widely used over the past two decades. The 

corresponding welding consumables were developed and need of the constitution diagrams leads to some 

research in order to accurately predict the microstructure of these steel welds.  

Balmforth and Lippold [45], [46] focused on the ferritic-martensitic region and used button 

melting technique to create a wide range of compositions by mixing different stainless steels.  

Table 2.1 presented the compositions of the stainless steels used for mixture in their studies. They 

accurately separated the fully martensitic and fully ferritic boundaries from the two-constituent region. 

Figure 2.17 is the constitution diagram the developed, which covered the composition range of chromium 

from 11 to 30 wt % and nickel from 0.1 to 3.0 wt %. The coefficients of elements for the Creq and Nieq 

formulae are determined using linear regression techniques to achieve nonparallel and non-equispaced 

iso-ferrite lines. 
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Table 2.1 Chemical compositions of the materials used for button melting research in Figure 2.17.[46] 

 

 

Table 2.2 Different chromium and nickel equivalent formulae.[37], [44], [46]–[48] 
Source Year Creq, wt% Nieq, wt% 

Schaeffler 1949 Cr+Mo+1.5Si+0.5Nb Ni+0.5Mn+30C 

Delong et al. 1956 Cr+Mo+1.5Si+0.5Nb Ni+0.5Mn+30C+30N 

Kaltenhauser 1971 Cr+6Si+8Ti+4Mo+2Al 40(C+N)+2Mn+4Ni 

WRC-1992 1992 Cr+Mo+0.7Nb Ni+35C+20N+0.25Cu 

Balmforth and Lippold 2000 Cr+2Mo+10(Al+Ti) Ni+35C+20N 
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Figure 2.17 New ferritic-martensitic stainless steel constitution diagram with slightly extended axes. [46] 
 

In Kotecki’s first attempted [49] to transfer the upper martensite boundary from Schaeffer 

diagram to WRC-1992 diagram, he proposed four possible boundaries considering the difference in the 

definition of Creq and Nieq. However, his extensive experimental work ended up with a thin martensite 

boundary which none of the four calculated boundaries match. To the upper and right part of the 

boundary, no martensite would exist in the as welded sample and the weld metal would pass the 2T bend 

test. In his research, the stainless steels contained 1 weight percent of manganese. Later on, Kotecki [50] 

published the martensite boundaries for 1%, 4% and 10% Mn. Both magnetic measurements and ASME-

type longitudinal face bend tests were performed which satisfies both metallurgist and engineers. Since 

both martensite and ferrite are ferro-magnetic, it is hard to quantitatively separate martensite from ferrite. 

Predictive FN values from WRC-1992 diagram were used as the baseline for comparison. When the 

measured FN values were at the left of 0FN line, the magnetic response was due to martensite. When the 

measured FN values were higher than the predicted FN values, both martensite and ferrite existed. When 

the measured FN values were considerably lower than the predicted FN values, probably only ferrite 

existed. The samples that passed the 2T bend test means there were no martensite before bending and the 

ones that cracked had martensite in the weld microstructure before the test. 
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Figure 2.18 WRC-1992 diagram with the martensite boundary for as-deposited weld metal. Compositions 
below and to the left of the shaded boundary are expected to contain some martensite and to fail an 
ASME 2T bend test. Compositions above and to the right of the boundary are expected to be free of 
martensite and to pass an ASME 2T bend test. The behavior of compositions within the boundary is 
considered to be unpredictable.[49] 

 

 

Figure 2.19 The WRC-1992 diagram, with martensite boundaries for 1, 4, and 10% Mn. The boundaries 
are shown as shaded bands to indicate a degree of uncertainty in their positions. Each boundary includes 
the extreme of martensite-free compositions as determined by magnetic measurements, and the limits of 
mixed bend/break behavior in the 2T bend test.[50] 
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Karlsson et. al[51] presented a constitution diagram for solidification mode and microstructural 

constituents when developing welding consumables for supermartensitic stainless steel. Notice the 

chemical composition of nickel ranged from 4.5 to 7 weight percent. 

 

Figure 2.20 Constitution diagram for supermartensitic weld metals. Information is provided about the 
solidification mode and microstructural constituents, including the presence of significant amounts of 
retained austenite at two different carbon levels. [51] 

 

 
 
 
 
Table 2.3 Chemical composition (wt. %) of steels and weld metals. [51] 

 

 

The constitution diagrams above are developed for popular stainless steels, which contains high 

chromium in order to maintain stainless. However, for LTTW welds which may not be as stainless and 

have different ranges of chemical compositions, the predictive diagrams may or may not work very well.  

2.3.2.2 Thermo-Calc Simulations 
For specific alloy systems like the welding consumable in this research, simulation work based on 

thermodynamics could be performed using Thermo-Calc software. Equalibrium phase diagram as well as 
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scheil simulation could be performed. Notice the Thermo-Calc does not include kinetics in the software, 

so the Thermo-calc results should be used only as reference. 

2.4 Distortion and Residual Stress Control for Welded Structure 

Distortion for welded structure could be a big problem, especially for thin gauge automotive steel 

sheets. Large pipes or parts that are welded could also suffer from the distortion caused by welding. 

Proper control of residual stress could mitigate structure distortion since they are directly related to each 

other. Tensile residual stress could aggregate crack initiation and decrease fatigue life. 

2.4.1 General Residual Stress Development During Welding Process 
During welding process, the weld metal and the far away base metal experience different thermal 

history. Therefore, thermal strains are produced and the elastic strains of which result in residual stresses. 

Since residual stresses are defined as the stresses that exist after external forces are removed, the 

resultant force produced by the residual stresses must vanish: ∫ � � =  on any plane section 

Figure 2.21 presents a typical distribution of residual stresses along the longitudinal direction at a 

cross section area of a butt weld. Masubuchi and Martin [52] described the longitudinal residual stress �  

as: � � = � [ − � ] exp [− � ] 

 

Figure 2.21 Typical distributions of longitudinal (sx) and transverse (sy) residual stresses in butt weld. 
Modified from Welding Handbook. [53] 
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Figure 2.22 Change of residual stress due to metallurgical processes during welding. [54] 
 

2.4.2 Measurement of Residual Stresses 
Residual stresses can be measured with destructive or non-destructive methods [55]. Destructive 

or semi-destructive methods include Ring-core method, hole drilling method, deep hole drilling method, 

contour method and so on. Nondestructive methods include X-ray diffraction, synchrotron diffraction, 

neutron diffraction, and ultrasonic method.  

Diffraction methods, such as X-ray diffraction, synchrotron diffraction and neutron diffraction, 

are based on interplanar spacing change for strain measurement and Hook’s law transformation for stress 

calculation. Notice that only the linear elasticity theory is applied to the stress calculation using Young’s 

Modulus E and poisson’s ratio ν. Bragg’s law is the principle for the strain measurement. Neutron 

diffraction method is one of the most widely used techniques for measuring residual stress for scientific 

research purpose. Compared to X-ray or synchrotron diffraction, neutron diffraction method could 

measure volume instead of surface residual stress in all three dimensions by measuring six strain 

components or three principal strains at the point of interest. 

The High Flux Isotope Reactor(HFIR) at Oak Ridge National Laboratory(ORNL) [56] operates at 

85MW, which provides one of the highest steady-state neutron fluxes of any research reactor in the world. 

The HB-2B Neutron Residual Stress Mapping Facility (NRSF2) [57] is one of HFIR’s beamlines which is 

optimized for strain measurement and residual stress mapping in engineering materials. 
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2.4.3 Effect of LTTW on Residual Stress Using Different Techniques 
In order to investigate the effect of filler metal transformation temperature (from austenite to 

acicular ferrite) on the residual stresses, Murakawa et al. [58] use a finite element model to simulate the 

residual stress distribution. The simulation results were compared with experimental results obtained from 

conventional weld as well as LTTW on DH-36 steel plates using neutron diffraction. The simulation 

residual stress results of the CW agree well with the experimental results in both the longitudinal and the 

transverse direction, while the simulation results of the LTTW only matches the measured data in the 

longitudinal direction. Their results showed that tensile stress in the weld is caused by thermal contraction, 

which can be balanced by the compressive stress generated from the strain change during phase 

transformation. In addition, they found that, when phase transformation temperature of the filler metal is 

lower than 400 °C, a net compressive stress will be obtained. However, the Ts temperatureshould not lower 

than 150°C, when the compressive stress becomes saturated.  

Alghamdi and Liu [59] investigated the residual stress of LTTW consumables, and they also 

developed a model to predict the compressive residual stresses caused by phase transformation. Four LTTW 

wires (SO-200A, SO-220B, SO-350A, and SO-350B) were developed in their study, and a conventional 

wire (ER70S-3) was selected as a reference. Four sets of welding experiments, bead-on-plate, V-grooved 

butt, multipass weld pads, and double-sided single pass fillet welds, were conducted on ASTM A36 

structural steel plates using semiautomatic gas metal welding. Distortion results, mechanical properties, and 

martensite start transformation temperature were obtained from these experiments. Moreover, Sysweld 

based finite element method was used to estimate the effects of different wires on residual stress generation. 

Their results showed that the newly developed LTTW consumables were able to control better weld 

distortion compared to the conventional welding wire (ER70S-3). They also found that the cumulative 

distortion can be strongly affected by the Ms temperature and the alloying element content in the wire if 

the welding parameters and structure are the same. Furthermore, welds made with filler materials of similar 

Ms temperature exhibited different cumulative distortion and compressive residual stresses, indicating Ms 

was not the only factor that affect distortion and residual stress. Alloy element, Cr, is more effective to 

introduce compressive residual stresses around the weld toe than Ni for wires of similar Mstemperature. 

Sysweld simulation of strain agreed well with the measured results of dilatometric testing. In addition, 

tensile residual stresses can be reversed to compressive residual stress at temperatures around and below 

the Ms temperature when the fraction of martensitic phase increase with time. Finally, they pointed out that 

leaner and more economical welding wires can be designed to obtain enough compressive residual stresses 

in welded structures.  

Kannengiesser et al. [60] investigated the residual stress distributions in low transformation 

temperature welding materials using high energy synchrotron radiation, and their results revealed that LLT 
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materials used in their study (C,0.04 wt.%, Ni (8-12 wt.%), Cr 10wt.%, Mn 0.7%, and Si 0.4wt.%)are able 

to generate compressive residual stresses in the weld as well as in the HAZ.  The highest compressive 

residual stress (-350 MPa) is found at the boundary between the HZA and the weld. Furthermore, the 

distribution of residual stress is found to be largely affected by the Ms-temperature and content of the filling 

material. The residual stress is obtained to be about 300 MP in both the longitudinal and the transverse 

direction of the filling material of lower Ms-temperature.  

Chen et al. [61] investigated the residual stress of LTTW wires developed by their research group. 

The martensite phase transformation start temperature for the two wires are 190 and 16 ֩C. Three types of 

welds were prepared using LTTW wires (two types) and a conventional wire using gas tungsten arc welding. 

Base material for the welds is high strength steel Q690E, and the weld groove has an angle of 60 ֩ and the 

root gap is 2mm. The plates were welded in two passes. The Mathar-Soete hole-drilling techniques is used 

to measure the residual stress of the weld. Based on their results, a net compressive residual stress was 

observed in the weld prepared by the LTTW filler metal, and the maximum compressive residual stress for 

the two LLT weld is 311 and 513 MPa respectively. While, a maximum tensile stress (360 MPa) was 

measured in the weld of the conventional filler metal. The results of microstructure show that the fraction 

of retained austenite is 3.8% and 5.1% in the welds made with LTT1 and LTT2 filler metal. In addition, 

more retained austenite is observed in the final pass than in the root pass for LTTW filler welds, and the 

possible reason is the tempering effect of the final pass on the previous pass.  

Ramjaun et al. [62]investigated the surface residual stresses of multipass welds using LTTW wires. 

In their research, three multipass welds were prepared from two LTTW wires (LTT-1 and LTT-2) and a 

conventional wire using gas shield metal arc welding. The size of the baseplate was 500×150×15 mm, 

machined with a 60°, 8 mm deep “V” groove along the long direction. The preheat temperature of the plate 

is 50°C, and the interpass temperature is 100-125 °C. Two techniques, neutron diffraction and X-ray 

diffraction, were adopted to measure the residual stress of the weld surface as well as the bulk. Both neutron 

and X-ray diffraction confirms the presence of compressive longitudinal residual stresses at the surface 

layers of the weld prepared using LTTW wires. In addition, compressive residual stresses were observed at 

the fusion boundary. While tensile longitudinal stresses were observed at fusion boundary of welds obtained 

from conventional wire. Furthermore, a singular capping pass was made using an LTTW filler, in which 

compressive longitudinal stress is found near the surface. But the stress profile across the fusion boundary 

for the singular capping pass weld was similar to that of the conventional weld.  

2.5 Fatigue Control of Welded Structure 

2.5.1 Residual Stresses and Fatigue Control Methods 
Fatigue life of welded joints is critical for the total life of automobile vehicles. Both high tensile 

residual stresses in the weld and the stress concentration factors of different weld geometries could reduce 
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fatigue life of welded structures [63]. Tensile residual stresses in the weld could reduce the fatigue crack 

initiation resistance, increase the fatigue growth rate and decrease the fatigue limit of the welded 

components [64]. 

Fatigue studies of AHSS has been reviewed in Section 2.1.2. In the welds of high strength steel, 

joints at highly stressed locations are usually avoided to obtain good overall fatigue performance. However, 

if welding at highly stress areas is necessary, the following measures are usually taken [65]–[67]: 1) 

improvement of the structural design to reduce stress concentration; 2) post-weld treatments of critical 

welds. For example, improving the weld geometry by TIG-dress, grinding to reduce the stress concentration 

factor, locally deforming the surface (shot peening or hammering) to introduce compressive stresses, or 

implying post-weld heat treatment to relieve the residual stresses; 3) Replacing the welding joints by 

mechanical jointing methods like bolting. However, all the methods above are time and cost consuming 

even though they can increase the fatigue life of the welded components. 

2.5.2 Effect of LTTW Consumables on Fatigue Life Improvement 
LTTW consumables have been reported to effectively improve the fatigue strength of highly 

stressed welding components. It has been found that the low martensitic transformation temperature allows 

the volume expansion caused by the phase transformation (martensite transformation) to compensate for 

the accumulated tensile stress. 

Ohta et al. [68] first reported that 10Cr-10Ni LTTW consumable doubled the fatigue strength of 

box welds on 20mm thick JIS SM490 steel plate. Ohta et al. [21], [69] studied the effect of LTTW wire on 

fatigue strength of lap welded joints. In their research, two conventional wires, MGS-63B and MGS-80, 

along with one LTTW wire (10Cr-10Ni) were used. Two types of steels with the yield strength of 540MPa 

and 780 MPa were selected as base material (2mm thick). The lap-welded joints were made using shielding 

gas of 80% Ar and 20% CO2. The four-point bending method was used to perform the fatigue test, and the 

stress ratio at the weld toe is zero. In order to record the progress of the fatigue cracking in some specimens, 

a two-step programmed load sequence was applied. In the load sequence, the maximum stress was keep 

constant, but the amplitude of the stress will shift from Δσ to 0.5Δσ, and the cycle for each type of load will 

keep constant. Their research revealed that the fatigue strength of welded joints using LLT wire increased 

60% compared with that of the conventional welds in the long-life regime. The dramatical improvement 

can be explained by the appearance of compressive residual stress introduced by LTTW wires. Moreover, 

the greatest improvement in fatigue performance was observed in the higher strength steel plate using 

LTTW wires. However, the welded joints using the conventional wire have the same fatigue properties for 

both steels. Finally, they found that for LTTW joints, only 30% of the life was spent propagating a crack at 

the weld toe, while the value for the conventional welds is 90%. Based on this result, they make the 

conclusion that compressive residual stress is able to delay fatigue crack growth. 
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Figure 2.23 S-N curves of the box welds. [68] 
 

Darcis et al.[70] investigated the fatigue strength of cruciform fillet welded joint. In their research, 

non-load-carrying cruciform welded joints using gas metal arc welding (GMAW) method. The base metal 

selected for the fatigue testing sample is commercial DH36 grade steel plate for shipbuilding applications. 

Three designed LTTW wires, A6, B5, and C5, and one commercial ER70S-3 wire were used. Axial loading 

fatigue tests were performed using a fatigue test method (σmax=σy), in which the maximum stress will keep 

constant and equal to the yield strength of the base steel, while the minimum stress changes from one test 

to another. Base on their research, the fatigue lives of the designed wires (A6, B5, C5) are at least three 

times longer than the ER70S-3 commercial wires, and four times longer than that of the design mean curve. 

This improvement was attributed to the compressive residual stresses in the direction perpendicular to the 

weld, which reduced the mean stress applied in the fatigue testing and produce high fatigue strengths. 

Furthermore, for the wire of the highest fatigue strength (C5), the cracks initiate in the middle of the weld 

rather than at the weld toe, indicating this wire redistributes the constraints in the weld area and the 

compressive stress induced by this wire compensates for the constraint effect of stress concentration at the 

weld toe. Their results also show that leaner alloyed wires (without too much Ni and Cr elements) are also 

able to achieve high fatigue strength.  

Bhatti et al. [71] investigated the fatigue strength of longitudinal stiffener fillet welded joints 

fabricated using two types of newly developed LTTW filler wires and a conventional wire. Two types of 

steels with minimum yield strength of 700 MP and 960 MP are used for the parent materials of the welded 
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joints.  The fatigue tests in their research are performed at constant amplitude loading (CAL) and variable 

amplitude loading (VAL). For CAL tests, the stress ratios, R, were set as 0.1 and 0.5, and the corresponding 

maximum stress level is 388.8MPa and 700 MPa, respectively. The VAL tests adopted random amplitudes, 

but the mean stress for VAL tests equal to zero. Their research shows that the newly developed LTTW 

wires are able to effectively reduced the tensile residual stress near the weld toe area of the longitudinal 

stiffener joints, and the residual stress distribution on S960MC sample are the same. In addition, an 

significant increase in the fatigue strength is observed when specimens are tested at R=0.1 with low nominal 

stress levels. However, when stress ratio, R, increases to 0.5, no improvement in fatigue strength is observed. 

They also stated that the difference in the mean fatigue strength tested using CAL (R=0.5) and VAL can be 

attributed to the difference of mean stress effects. 

Harati et al. [72] reported their research results of effects of residual stresses and weld toe geometry 

on fatigue life of cruciform welds. In their research the cruciform welded joints were prepared using Gas 

Metal Arc Welding method and the shielding gas is Ar+2%CO2. The base material for the welded joints is 

a high strength steel with yield strength of 817 MPa. Two types of filler materials, a LTTW wire and a 

commercial high strength wire (OK Tubrod 14.03) wire, were used in their research. Both single pass and 

double pass welds were prepared for the two types of wires mentioned above. The fatigue test was 

performed under a constant amplitude sinusoidal tensile load in the longitudinal direction. The stress ratio 

is 0.1 and the frequency of the tests is 29-40 Hz. Their results showed that the fatigue strength of welds 

prepared using LTTW wires was 58% higher for single-pass welds and 76% higher for the double-pass 

welds than that of the corresponding welds made with conventional filler materials. The significant 

improvement in fatigue life was found to relate to the low stress levels at the weld toe of LTTW welds. 

Moreover, they measured the radius and angle of weld toe. Based on the measured results, they found that, 

when the weld toe radius increases from 1.4 mm to 2.6 mm, the fatigue strength of the welds using 

conventional consumables will increase the same amount caused by residual stress change of 15% at the 

300 MPa stress level. Finally, they made the conclusion that residual stress has a higher influence on fatigue 

strength than weld toe geometry for cruciform welds. 

The fatigue performance of LTTW on stainless steel was investigated by Xu et al. [73]. In their 

research, three types of no-load welded joints, a cruciform 304L stainless steel welded joints, a 308L 

stainless welding wire dressing joints, and a LTTW dressing joints, were prepared for the fatigue test. The 

stress ratio adopted in the fatigue test is 0.1, and the frequency of the test is 110-120 Hz.  Under the test 

condition, the fatigue strengths of LTTW dressing joints at 2×106 cycles increase about 8 and 8% 

respectively compared with that of the as welded 304L joints and 308L dressing joints. Moreover, the 

fatigue life of LTTW dressing joints (2×106 cycles) is 14-23 times and 3-6 times higher than that of as 

welded 304L joints and 308L dressing joints. The mechanism of the fatigue improvement brought by 
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LTTW dressing method was classified into two parts. Firstly, the average stress of the weld toes surface 

layer can be effectively reduced by the compressive stress introduced by LTTW dressing. Furthermore, the 

angle of weld toe is between 20 and 25° for the case of weld toe dressing joints, which is much smaller than 

the value of as welded joints (30-45°). In order to evaluate the different stress concentration effect caused 

by weld toe profiles, stress concentration factors, Kt, was measured, which can be calculated from Tsuji 

formula as: 

fQ
t

S
K t 



 


 467.0

1

ln397.0348.11  





 





 


22

90.0exp1

2
90.0exp1






b

W

b

W

f  








 

b

t

W
Q

28.2

1

1

 

btW 21   

pbtW 22   

As can be seen, when the value of θ, the angle of weld toe, decrease, the final value of Kt will also 

decrease. In other words, the final stress concentration of the weld toe dressing joints will be reduced, too.  

2.5.3 Testing Methods of Fatigue Properties for Automotive Steels 
Different types of lap joints including longitudinal fillet welds, transverse fillet welds and 

combined longitudinal and transverse fillet welds require different types of fatigue testing. Figure 2.24 

shows several sample geometries generally used for the transverse fillet welds in automotive industry. 
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Figure 2.24 Fatigue testing samples of welded panels using automotive steels. [74] 
 

 

Figure 2.25 Procedures for a cruciform welded joint preparation for fatigue testing (a) fillet welding, (b) 
after tab plates removed. [70] 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

3.1 Welding Consumables 
Former colleagues designed LTTW wires with different alloying elements and performed 

microstructural characterization, residual stress analysis using X-ray diffraction and FEA simulation, 

fatigue testing of cruciform specimens, and distortion angle measurement for different thickness base 

matals [59], [70], [75]–[82]. EH200B wire was one of the designed LTTW wires which has not been 

studied before. The Eichelmann and Hull equation[83] was used to calculated the martensite start 

temperature, which is 200 °C. B in comparison with A means high chromium content. 

The welding consumables studied in this research focused on metal-cored EH200B wire and solid 

ER70S-3 wire, for the study of distortion, microstructure, hardness, residual stress and fatigue properties. 

EH200B-SiL and EH200B-SiH wires which includes 0.004 wt. % and 0.83 wt. % silicon were also 

studied for better electrode weldability compared with original EH200B wire. The chemical compositions 

of the three LTTW welding consumables along with the commercial ER70S-3 wires are listed in  

Table 3.1. The Chromium Equivalent(Creq) and Nickel Equivalent(Nieq) were calculated using 

equations [59]: 

Creq=Cr+Mo+1.5Si+0.5Nb 

Nieq=Ni+0.5Mn+30C 

Ms temperature was calculated using Eichelmann & Hull equation (1953) [83]: 

Ms(°C)=1305-41.7Cr-61.1Ni-33.3Mn-27.8Si-1667(C+N)        

 

Table 3.1  Chemical compositions of the LTTW wires with calculated Creq and Nieq as well as calculated 
Ms temperature. 

wt. % C Mn Cr  Ni Si Mo Ti  Cr eq Nieq Ms-EH 

ER70S-3 0.09 1.02 0.05 0.03 0.41 <0.01 <0.01 0.7 3.2 1105.7 

EH200B 0.1 2 9 8 0.1 0.25 0.01 9.4 12.0 199.8 

EH200B-SiL 0.14 1.92 8.9 7.9 0.004 0.25 0.009 9.2 13.1 147.1 

EH200B-SiH 0.12 2.4 9 8.3 0.83 0.35 0.027 10.6 13.1 111.2 

 

3.2 Welding Process and Parameters 
3.2.1 Bead-on-Plate Welding 

Gas Metal Arc Welding process was used for all welds. The power source used was Miller 

Axcess 450, semi-automatic welding travel system was used. The shielding gas used was 15% CO2 with 
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balanced Ar with the gas flow rate of 20-25 CFH. For all BOP welding, the welding torch had a 15° travel 

angle. 

BOP welding with 508mm × 203mm × 1.6 mm A36 steel sheets using both metal-cored EH200B 

wire and solid ER70S-3 wire was performed using both Regulated Metal Deposition (RMD) process 

originally, with ITW-Miller Axcess 450 power source.  

Metal-cored wire usually needs more heat to melt, but with high heat input, the thin sheets will 

easily melt through. Therefore the RMD [84] welding process was used to precisely control the electrical 

waveform during the short-circuiting process and thus provides less heat input to the workpiece, allowing 

larger diameter wire on thin gauge materials.[85] The parameters optimization of the custom 

manufactured EH200B was not straightforward because the EH200B wire had relatively bad electrode 

weldability and the weld width and consistency were hard to control. Large droplets came out of the wire 

during the welding even with low heat input and RMD process. After optimization, the welding 

parameters in Table 3.2 were used for welding with one continuous weld, two intermittent welds and four 

intermittent welds. The heat input for the BOP weld using EH200B wire was selected as the guideline for 

the weld using ER70S-3 wire. The current and voltage values were read from the displayed screen from 

the power source, which were approximate values. The welded sheets using EH200B and ER70S-3 wires 

were compared for distortion patterns. 

The employment of RMD process in this research may not have been necessary. Firstly, RMD 

process is most effective for short circuit metal transfer mode which requires small enough droplets with 

low current and voltage. However, short circuit transfer mode is hard to achieve for the metal-cored 

EH200B wire, thus the benefit of RMD process could not be addressed. Secondly, regular MIG process 

uses parameters of voltage and wire feeding speed, which could be easily understood and controlled for 

optimizing the parameters for lap joint welding. Therefore, RMD process was used only to characterized 

the difference in distortion patterns. For all the following BOP welding and lap joint welding, regular 

MIG process was employed. 
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Figure 3.1 BOP welds using EH200B wire and ER70S-3 wire for one long weld, two intermittent welds, 
and four intermittent welds using RMD process. Base metal is 508mm × 203mm × 1.6 mm A36 steel 
sheet 

 

Table 3.2 Welding parameters for ER70S-3 and EH200B wire welds with RMD process. Base metal is 
508mm × 203mm × 1.6 mm A36 steel sheet. 

Wire Arc Adjust WFS (ipm) Travel Speed (ipm) Current (A) Voltage (V) 
Heat Input 

(J/mm) 

ER70S-3 20 120 14.3 92 14 25.4 

EH200B 20 100 14.3 82 14.8 28.7 

 

Large welded sheet with 2mm thickness was MIG welded for residual stresses measurement, 

since lap joint panels would use 2mm thick sheets. The sheet dimension is 508mm × 203mm × 2mm with 

one continuous weld using both EH200B and ER70S-3 wires as shown in Figure 3.2 and the welding 

parameters are listed in Table 3.3. 

BOP welding using 150 mm × 100 mm × 2 mm A36 sheets was also performed, to better 

characterize the microstructure and distortion. Welding parameters are shown in Table 3.4. 
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Figure 3.2 Welded sheets with one continuous BOP weld using (a) EH200B wire and (b)ER70S-3 wire. 
Base metal is 508mm × 203mm × 2mm A36 steel sheet. 

 

Table 3.3 Welding parameters of BOP welding for residual stress measurement. Base metal is 508mm × 
203mm × 2mm A36 steel sheet. 

Welding Wire Set Voltage(V) WFS (ipm) Voltage (V) Current (A) Travel Speed (ipm) Heat Input(J/mm) 

EH200B 23 260 23.4 194 34.8 308.15 

ER70S-3 18 180 18.4 171 40.4 183.97 

 

Table 3.4 Welding parameters for BOP welds using EH200B and ER70S-3 wires. Base metal is 150mm × 
100mm × 2mm A36 steel sheet. 

Wire Set Voltage(V) 
WFS 

(ipm) 
Voltage (V) Current (A) 

Travel 

Speed(ipm) 

Heat 

Input(J/mm) 

ER70S-3 23 260 23.5 345 38.3 500.0 

EH200B 23 260 23.5 308 34.8 491.3 

 

3.2.2 Lap Joint Welding 

Lap joints are important since one major goal of this project is to improve the fatigue life of lap 

joint panels with the geometry shown in Figure 3.4 using 2mm thick DP980 sheets. In order to weld the 

specific lap joint which has the required geometry for fatigue testing, a worktable as well as the specific 

fixture shown in Figure 3.3 (a) and (b) were designed and manufactured in the lab, the welding torch had 

a 15°-17° travel angel and a 33° work angle. As shown in Figure 3.3, the work angel and the position of 

the welding torch are crucial to the weld bead morphology due to the thin thickness of the base metal. 

Also, the welding wire diameter was 0.045 inch instead of the ideal 0.035 inch, which left a small window 

of optimal parameters. The welding parameters optimization of the lap joint panels was focused on the 

metal-cored EH200B wire. When the wire was too close to the top piece of the plate, a relatively large 

portion of the top piece would melt and there would be a high reinforcement and a small wetting angle. 

When the welding voltage was too low, the weld bead would be too narrow. When the wire feeding speed 

was too high, the weld penetration as well as the reinforcement would be too high. The welding voltage 

ranged from 13V to 21V, and the wire feeding speed ranged from 90 ipm to 220 ipm. The optimized weld 
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with EH200B wire has consistent weld width along with a large wetting angle and a small weld 

reinforcement as shown in Figure 3.5. The welding parameters for ER70S-3 wire were optimized with 

similar weld bead morphology of the optimized weld using EH200B wire. The welding parameters for lap 

joints using both EH200B and ER70S-3 wires are listed in Table 3.5. 

 

Figure 3.3 Lap joint welding setup. (a) Welding fixture setup. (b) Position of the welding torch 
 

 

Figure 3.4 Lap joint geometry. Base metal is 2mm thick DP980 steel sheet. 
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Figure 3.5 Optimized lap joint bead morphology (a) and (b) Cross section view of the lap joint using 
EH200B wire and ER70S-3 wire respectively. (c) and (d) Top view of the lap joint using EH200B and 
ER70S-3 wire respectively. Base metal is 2mm thick DP980 steel sheet. 

 

Table 3.5 Welding parameters for lap joints. Base metal is 2mm thick DP980 steel sheet. 

Wire WFS(ipm) 
Voltage 

(V) 

Current 

(A) 

Travel Speed 

(ipm) 

Work Angle 

(°) 

Travel Angle 

(°) 

Heat Input 

(J/mm) 

EH200B 220 21.4 173 27 33 17 323 

ER70S-3 180 17.5 168 32 31 13 217 

 

The lap joints with optimized welding parameters for both EH200B and ER70S-3 wires were 

used for microstructural characterization, hardness mapping and fatigue tests. 

3.3 Distortion Measurement of BOP Welds 
Effect of LTTW wires on the distortion management was first observed with EH200B wire. The 

BOP welds were deposited on 508mm× 203mm× 1.6mm A36 steel sheets using both EH200B and ER70S-

3 wires. In order to characterize the difference between the distorted sheets, distortion at specific location 

of the sheet were measured with the method in Figure 3.6 (a). A reference plane was set first, the caliper 

then recorded the distance from the reference plane to the distorted sheet at each gridded point. 

The initial method for the distortion measurement was modified in Figure 3.6 (b) for more 

accurate comparison of all wires with 150mm× 100mm× 2mm A36 steel sheets, where the distorted sheets 

were gently fixed to the work table of the milling machine as symmetrically as possible, accurate x, y 

locations were read from the digital readout of the machine, and the distortion was measured with the dial 
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gauge at every gridded locations with 10 mm step size in either x or y direction. The resolution of 

distortion measurement is about 0.013 mm (0.0005 inch). Line mappings were made on the top surface at 

various locations as indicated in Figure 3.7. 

 

Figure 3.6 Method to measure distortion patterns (a) with caliper (b) with dial gauge. 
 

 

Figure 3.7 Locations of line 1, 2, 3 and 4 for distortion mapping: (a) side view and (b) top view. Base 
metal is 150mm× 100mm× 2mm A36 steel sheets. 
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3.4 Metallographic Characterization 

3.4.1 Microstructure Characterization with Different Techniques 
For the microstructural characterization, techniques including Light Optical Microscope (LOM), 

Scanning Electron Microscope (SEM), Electron Diffraction Scattering (EDS), X-ray Diffraction (XRD) 

and Electron Backscattering Diffraction (EBSD) were adopted. For BOP welds, all techniques were used 

in order to characterization the phase fractions and morphology. For lap joint panels, LOM and EBSD 

were used to characterize the phase fraction and morphology. 

For the LOM analysis, samples were cut at the weld cross sections from steady state part of the 

weld bead, then hot mounted. The samples were grinded with 240-, 320-, 400-, 600-, 800-, and 1200- grit 

SiC abrasive papers, then polished with 6um, 3um and 1um diamond suspensions. The polishing time for 

the 6um size diamond paste varied from five to 15 minutes due to the hard microstructure. Since pitting 

happened very easily in the weld, there were interruptions between every one or two minutes’ polishing 

and only alcohol based polishing extender was used. Between each grinding or polishing step, the 

samples were rinsed with water and alcohol then dried with heat gun. Etchants for ER70S-3 welds and 

LTTW welds included 2%Nital, Kalling’s No. 1 etchant and glyceregia etchant. The etching time varied 

from 1 to 30 seconds. 

For the SEM and EDS characterization, both the FEI Quanta 600i Environmental Scanning 

Electron Microscope(ESEM) and the JEOL JSM-7000F Field Emission Scanning Electron 

Microscope(FESEM) with EDAX Genesis EDS were used. For the EDS mapping, the FESEM was used 

due to the higher counts per second. For the SEM and EDS sample preparation, the same preparation 

procedure for LOM was used with extra 30 minutes vibratory polishing using 0.02um non-crystallizing 

colloidal silica suspension with the Buehler’s VibroMet® 2 vibratory polisher. 

For the EBSD characterization, the instrument used is FESEM with TSL EBSD. OIM software 

was used to process the data. Austenite phase fraction and ferrite phase fraction are the most important 

information to be obtained. In Figure 3.8, weld top, weld middle, and weld bottom at the weld cross 

section were examined for both BOP welds and lap joints. The examined locations for BOP were chosen 

to examine the dilution effect. The locations for lap joints were selected because final fatigue happened 

along these locations. At each location, a 50um×50um area under 2000X magnification was examined 

with step size of 0.13 um. The accelerated voltage was set to be 20V with the probe current being set to 

12 and the work distance is 18mm. The sample preparation was crucial for the EBSD characterization, the 

sample surface should have minimized scratches. The samples were grinded with 240-, 320-, 400-, 600-, 

800-, and 1200- grit SiC abrasive papers and polished with 6um, 3um and 1um diamond suspensions, 

then polished with 0.02um non-crystallizing colloidal silica suspension with the Buehler’s VibroMet® 2 
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vibratory polisher. The samples were rinsed immediately after the final polishing with 2% organic soup to 

remove the extensive silica colloidal. 

 

Figure 3.8 Weld Top, Middle, and Bottom locations for the EBSD examination of BOP welds. 
 

For the XRD analysis, the top surface of the weld was chosen instead of the cross section in order 

to ensure large enough examined area and peak intensity, the reinforcement of the weld was grinded off to 

reach maximized area of about 5mm x 15mm. The samples were first grinded and polished, then cleaned 

in the fresh prepared solution (2parts HF, 20 parts H2O2, 20 parts DI water) for 15 minutes in order to 

remove the surface layer of scale and transformed martensite caused by the mechanical force during the 

sample preparation process. 

 

Figure 3.9 The X-ray diffraction specimen geometry. Sample area: 5mm x 15mm  
 

For the EH200B weld, the cleaning method successfully resulted in clean peaks of 10.5% volume 

fraction of austenite. For the experiment, Cu target was used with 45kV, 40mA and each test scanned for 

25 minutes. XRD data were processed with HighScore Plus software to determine the background as well 

as the area under each peak. The Martensite/Ferrite used (200) (211) peaks and austenite used (220) (311) 

peaks. The scanning time is 20minutes with the scanning range from 40° to 100°. The Highscore software 

provides the integrated area under each peak. Peaks were found and fitted using Lorentzian/Gaussian. X-

ray diffraction results were analyzed based on the peak intensity of γ and α/α’ phases. The volume 

fraction of γ phase is calculated by averaging the ASTM, Deshayes, and Cullity standards, in which the 



37 

 

volume fraction of γ phase, Vγ, can be calculated from the peak intensity, I, and the θ-angle dependent 

function, R. The detailed expressions for these standards are shown as follows: 
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3.4.2 Vickers Hardness Testing 

Microhardness testing for both BOP welds and lap joints was performed using vickers hardness 

testing machine. The testing loads were 500mgf, 10s. For BOP welds, 17 indents inside the weld in 

Figure 3.10 was performed to show the average micro hardness values. 
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Figure 3.10 Indents locations for vickers hardness testing 
 

For lap joints, hardness line mapping was performed across the weld showing the difference from 

the base metal(DP980) to the HAZ to the weld metal. 

3.5 Residual Stress Measurement Using Neutron Diffraction Method 

Neutron diffraction method was used to measure the interplanar spacing and calculate strain and 

residual stress distributions of BOP welded sheets. Neutron diffraction measurements were completed at 

HB-2B Neutron Residual Stress Mapping Facility (NRSF) from the High Flux Isotope Reactor at Oak 

Ridge National Laboratory as shown in Figure 3.11. This specific beamline could measure residual stress 

at depths from a millimeter to several centimeters and spatial resolution of less than one millimeter 

depending on the sample material.  

 

Figure 3.11 Neutron diffraction measurement at HB2B beamline of HFIR at ORNL. 
 

The angle between the diffracted beam and the incident beam is directly related to the interplanar 

atomic spacing (d spacing) with Bragg’s Law � � = � 
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For the HB2B NRSF beamline, the nominal scattering angle can range from 30° to 140°, but 

measurement is typically located near 90°. The incident neutron wavelength could vary from 1 to 2.7Å 

based on several different silicon crystal monochromators. The wavelength λ used in this research is 

about 1.731 Å and the calibration file for each experiment provides up to the fourth digit accuracy of the 

wavelength. The interplanar spacing could be calculated with the calibrated λ and measured θ. Figure 

3.12 is an example showing the peak fitting for 2θ angle. 

 

Figure 3.12 Single peak fitting for the 2θ angle. 
 

The microstructure of the weld using ER70S-3 wire is BCC ferrite, and the weld microstructure 

using EH200B wire is about 90 vol. % BCT martensite. Hutchings[86] stated that residual strains in the 

Fe {211} planes are almost not affected by plastic deformation. In addition, the instrument setup has 

around 90° angle between the incident beam and diffracted beam. Therefore, Fe {211} planes are used for 

the measurement of diffracted angle and thus d spacing in transverse direction (TD) and longitudinal 

direction (LD). 

The measured sheet dimension is 508mm(LD) × 203mm(TD) × 2mm(ND) as shown in Figure 3.13 

(a). Measured points follow the red dotted line in Figure 3.13(a) that is in the pseudo steady-state across 

the weld from one edge to the other. At each point of measurement, d spacing data along both TD and LD 

were measured. The measurement is illustrated in Figure 3.13 (b). For TD measurement, the {211} planes 

normal is parallel to TD, therefore interplanar d spacing along TD was measured. For LD measurement, 

the sheet was rotated 90° in TD-LD plane. 
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Figure 3.13 (a) Mapped line in the welded sheet. (b) Illustration of d spacing measurement in transverse 
and longitudinal directions. 

 

The reference d0 needs to be measured from the strain-free sample[87]. There are different sample 

preparation methods for d0 measurement, in this research, d0 measurement is made at corresponding d 

measurement locations in small enough strain free samples up to 5.2mm away from the weld centerline as 

shown in Figure 3.14. The reference sample is 2mm thick along LD of the plate. 

 

Figure 3.14 Stress free d0 samples for EH200B and ER70S-3. Thickness is 2mm. 
 

The elastic lattice strain in the hkl set of planes is calculated from the measured interplanar d 

spacing as well as the corresponding d0 spacing from stress free samples. � = − × % 

For the welded sheets in this research, the d and d0 in both longitudinal direction and TD are 

measured. Therefore, strains in both directions were calculated. 
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The base metal thickness is 2mm which is thin enough to assume plane stress state. Also, the TD, 

LD and ND directions are assumed as the three principal directions. Residual stress in TD and LD could 

be calculated using Hooke’s law for plane stress state with only the strains in both principal TD and LD 

directions. � = �− � (� + �� ) 

� = �− � (� + �� ) 

Young’s modulus and poisson’s ratio can be found in literature measured by XRD and neutron 

methods [88]. For Fe {211} plane, E211=220GPa, v211=0.28.  

The welded sheets are distorted differently by the two different welding wires. Therefore, careful 

attention was paid to accuracy of the location for each measured point, both in the thickness direction and 

the transverse direction. Along sheet thickness direction, scans at -6mm, 0mm, 6mm, and 20mm away 

from the weld centerline were first performed to determine the middle thickness point which have highest 

peak intensity. All the mapping points outside the weld were located along the center thickness of the 

sheet. In the weld, within ±3mm away from the weld centerline, the mapped points followed a straight 

line in thickness, which is 1mm away from the bottom surface. In addition, the LOM results showed that 

the weld penetrations for both EH200B and ER70S-3 welds were large enough to cover the point at the 

weld centerline which is 1mm away from the weld bottom surface. Notice that the weld bead size and 

morphology using two different wires are different due to the wire density and manufacturing difference. 

Therefore, the comparison at the middle thickness near the welds may not represent the same amount of 

weld metal/HAZ ratio. Bunn et al. [89] demonstrated the phase fraction effects on the peak intensity as 

well as on θ and d spacing.  

The gauge volume and location at each point should be selected wisely to make sure that edge 

effect was excluded. In other words, the gauge volume should be solely in the sample [90]. Figure 3.16 

and Figure 3.17the detrimental effects of porosity and edge on the diffraction measurements and data 

interpretation. In addition, sufficient peak intensity should be collected for reliable peak fitting with 

limited beam time. Because granted time for neutron experiment is very limited, also LD requires cubic 

gauge volume, three neutron experiments were performed at different beam cycles with different beam 

sizes. For TD measurements, beam size is either 1mm (ND) × 1mm (TD) × 4mm (LD) or 1mm (ND) × 1mm 

(TD) × 1mm (LD) which will be specified later. For LD measurements, beam size is always1mm (ND) × 1mm 

(TD) × 1mm (LD). The measurement time at each location was about 8-12min for TD and up to 20min for 

LD. 
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Figure 3.15 Measured points in the distorted sheet for TD measurement (a)ER70S-3 weld (b) EH200B 
weld (c) EH200B weld, ±20mm (d) illustration with the example of ER70S-3 weld  

 

 

Figure 3.16 Shift in the center of sample volume due to heterogeneities [89]. 



43 

 

 

 

Figure 3.17 Mis-interpretation of the Bragg peaks due to partially buried gauge volumes [90]. 
 

3.6 Fatigue Testing of Lap Joint Panels 
Fatigue tests of the lap joint panels were performed using customized testing setup.Since the 

LTTW consumables are designed for automotive application, the lap joint welds were made with the 

geometry shown Figure 3.4. The 6-inch wide grips were designed and manufactured originally in Figure 

3.18. 

 

Figure 3.18 Top piece of the grips made for fatigue testing. 
 

In the first few fatigue tests, slipping happened between the samples surface and the wedge 

surface. Therefore, changes including further machining for point contact of the knurling surface and 

rigidity improvement between the two parts with V grooved welds applied which solved the slipping 
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problem. There were two backing sheets with the same thickness as the base metal in order to minimized 

the torque caused by the lap joint panels. The load level was 2000lbs, R ratio is 0.1, the frequency of the 

applied force is 10Hz. All samples were tested at the same load level for comparison. 

Tested samples include three lap joint welds made with EH200B wire and three lap joint welds 

made with ER70S-3 wire. 

 

Figure 3.19 (a) Fatigue testing experimental setup with modified grips. 
 

3.7 Martensite Start Temperature Measurement 
Ms temperatures of EH200B-SiL and EH200B-SiH were tested using Gleeble 3000. 

3.7.1 Weld Coupons Preparation 

Three layers of welds are laid on the A36 base plate as shown in Figure 3.20. Each pass is welded 

after the former pass reaches room temperature. Residue after each pass was grinded off. Sample is then 

machined from the very top layer of the welds to avoid the dilution effect from the base metal. As shown 

in Figure 3.20(a), cylinder sample of 6.35mm in diameter and 80mm in length with smaller section of 

4mm in diameter and 20mm in length in the middle is extracted  
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During the preparation of Gleeble tests, three welding consumables (EH200B-SiL and EH200B-

SiH) were also deposited on 3/8 in. thick A36 plates respectively with the welding parameters listed in 

Table 3.6. Welding parameters were slightly adjusted for different wires to achieve similar weld 

morphology. Electrode weldability of the three LTTW wires was compared and verified. The welding 

parameters were also preselected for the Gleeble coupons.  

 

Table 3.6 Welding parameters used for the weld coupons prepared to extract the Gleeble samples from. 

 

Voltage 

Setting  

(V) 

Wire Feeding Speed (ipm) Travel Speed(ipm) Voltage (V) 
Current 

(A) 

EH200B-SiL 26 250 20 26 191~196 

EH200B-SiH 22 250 20 22 175~188 

 

3.7.2 Gleeble Testing Setup and Parameters 
Gleeble could do thermal-mechanical testing of materials and physical simulation of different 

processes. Together with dilatometer, the Gleeble tests in this report are to determine the phase 

transformation temperature especially the Ms temperature. During cooling, the volume expansion of 

martensitic transformation leads to the bulk volume change which could be monitored by measuring the 

diameter change using dilatometer. The contact dilatometer used in this study is CCT Dilatometer with 

LVDT Transducer as shown in Figure 3.21, which could provide timely and continuous tracking of the 

deformation in diameter. K-type thermal couple is welded to the sample in the same thermal plane, which 

is also the plane where the dilatometer was positioned shown in Figure 3.21. Since the temperature 

distribution along the sample gauge length has a parabolic like distribution, the plane of interest should 

stay as close to the middle of the sample as possible. The setup of the Gleeble test is shown in Figure 

3.22. 

Following the former colleague’s testing parameter at CSM, the heating rate of the sample was 

set to be 80°C/s until the temperature reaches 1100C. After that, there was a 8s holding time at 1100°C 

after which the power was shut off. The copper grips played the major role in cooling the sample down. 

The temperature profile for the second sample of EH200B-SiL is plotted in Figure 3.23. The tests were 

done under 10^-3 torr pressure.  
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Figure 3.20 (a) Gleeble dilatometric sample geometry and (b) the location from where the Gleeble 
specimen was extracted 
 

 

Figure 3.21 Themal couple and dilatometer setup. One sample being tested in the bottom left. 
 

 

Figure 3.22 Gleeble testing setup. 
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Figure 3.23 The actual temperature history. EH200B-SiL as an example. 
 

Metallurgical examination before the Gleeble test was performed in the weld coupons where the 

Gleeble samples were extracted. Kalling’s No. 2 was used as the etchant for both EH200B-SiL and 

EH200B-SiH samples.  
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Distortion of the BOP Welded Sheets 
The EH200B wire was compared with the ER70S-3 wire for the distortion using 508mm × 203mm 

× 1.6mm A36 steel sheets. The photograph of the distorted sheets with one continuous weld using both 

wires is shown in Figure 4.1(a). The surface profile of the distorted sheets is plotted in Figure 4.1 (b). 

Figure 4.1(c) and (d) are plots for two intermittent welds and four intermittent welds respectively. 

For welded sheets with one continuous weld, the sheets with EH200B wire and ER70S-3 wire 

showed almost opposite distortion pattern, in directions both along the weld and across the weld.  

From one continuous weld to two intermittent welds to four intermittent welds, the maximum 

distortion value was decreased, which is because the heat input is less with intermittent welds resulting 

different residual stresses distribution. 

 

Figure 4.1 Distortion of the BOP welds with (a) one continuous weld and the plotted surface profile of (b) 
one continuous weld, (c) two intermittent welds, (d) four intermittent welds 
 

The distortion of the 1.6mm thick welded sheets using RMD process was very similar with the 2mm thick 

welded sheets using MIG process. The latter was used for residual stress measurement because of better 

weld bead morphology, and for the simulation of residual stresses lap joint welds using 2mm thick base 

material. 
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Distortion results of BOP welded sheets using 150mm × 100mm × 2mm thick A36 steel sheets 

were also compared in Figure 4.2. The minimum distortion value represents the reference point which sits 

on plane of reference having the lowest distortion values. Again, the welded sheet using ER70S-3 wire 

shows the opposite distortion pattern compared with the sheet using EH200B wire. No matter the sheet 

dimension is 508mm × 203mm, or 150mm × 100mm, consistent distortion patterns were observed for 

both wires. 

 

Figure 4.2 Distortion maps of the distorted sheets with BOP welds using (a) ER70S-3, (b)EH200B 
 

Since the opposite distortion patterns using either RMD or regular MIG process, large or small 

sheets were always there when comparing EH200B wire and ER70S-3 wire. Therefore, the differences in 

distortion must be caused by the two different welding wires. Microstructural characterization and 

residual stress measurement of the different sheets were followed to explain the effect of LTTW wire. 

4.2 Microstructure and Hardness for BOP Welds 
Techniques including LOM, SEM, EDS, EBSD, and XRD were employed for the microstructural 

characterization of the welds using different wires. Procedures for sample preparation are explained in 

Chapter 3. 
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4.2.1 LOM and Microhardness Results 
For the LOM characterization, the first set of examined samples was from BOP welds using 

RMD process on 508mm × 203mm × 1.6 mm A36 steel sheets. The cross-sectioned samples were 

grinded, polished, and etched using picral and nital etchants. Images of the microstructure were taken 

with an optical microscope. The 2% picral etchant revealed the base metal microstructure as well as the 

weld microstructure for the ER70S-3 wire. The microstructure of the base metal A36 steel in  

Figure 4.3(a) includes Polygonal Ferrite (PF(G)) and fine Pearlite(P), the microhardness values 

are around 160HV with 500mgf load.  

The microstructure of the weld metal using ER70S-3 wire in Figure 4.3 (b), (c) and (d) includes 

Grain Boundary Ferrite(GBF), Ferrite with Second Phase(FS), and Acicular Ferrite(AF). The average 

microhardness across the weld is 183HV. The nominal compositions of the A36 steel and ER70S-3 

welding wire are listed in Table 4.1. 

 

Figure 4.3 (a) Base metal microstructure (b) weld microstructure with ER70S-3 wire, 50x (c) weld 
microstructure with ER70S-3 wire, 100x (d) weld microstructure with ER70S-3 wire, 500x 
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Table 4.1 Chemical composition of A36 steel sheeand ER70S-3 welding wire. 
wt.% C Mn Si P S Ni Cr Mo V Cu 

A36 0.26 … <0.40 0.04 0.05      

ER70S-3 
0.06-

0.15 

0.90-

1.40 

0.45-

0.70 
0.025 0.035 <0.15 <0.15 <0.15 0.03 0.50 

 

For the weld with EH200B wire in  Figure 4.4, the optical microstructure was obtained with 

Kalling’s No. 1 etchant. The average microhardness across the weld is 329HV with a standard deviation 

of 22HV, which proves the presence of martensite phase, and may also indicate there is a second phase 

besides martensite. Martensite is present in all the microstructure photographs. However, Figure 4.4 also 

shows different degrees of etching which is because different orientations of grains react differently to the 

same etchant. The etched cell width is around 20um. From the Schaeffler diagram in Figure 4.47, the 

weld microstructure is expected to have mixed constituents of martensite and austenite. Detailed analysis 

of weld microstructure is discussed in a later section with different techniques. 

In order to assist the neutron diffraction measurement, duplicates of the neutron diffraction 

experimental sheets using were cross sectioned at the same location of the measured points. Welds using 

EH200B wire and ER70S-3 wire were etched with Kalling’s No. 2 etchant. 

Figure 4.5 shows the macrostructure for the welds using both ER70S-3 and EH200B wires. For 

the weld with EH200B wire, the penetration is not quite consistent which corresponds to the inconsistent 

weld width in Figure 3.5. Similar to the microstructure in Figure 4.3, the weld with ER70S-3 wire has the 

microstructure of GBF, FS, and AF in Figure 4.7. For the weld with EH200B wire, martensite is present 

in Figure 4.7. Again, different locations react differently to the same etchant because of the difference in 

the orientations of grains.  
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Figure 4.4 LOM photographs of BOP weld using EH200B wire. 



53 

 

 

Figure 4.5 Weld cross section morphology using (a)ER70S-3 wire (b)EH200B wire 
 

 

Figure 4.6 LOM photographs using ER70S-3 wire for neutron measurement. 
 

 

Figure 4.7 LOM photographs using EH200B wire for neutron measurement. 
 
Weld microstructure of the 150mm × 100mm × 2mm A36 steel sheets were also examined. As 

shown in Figure 4.8(a), microhardness of the weld is measured on unetched samples at 17 points based on 

ASTM standard. The average hardness of the welded sample using ER70S-3 wire is 198 HV, which 

confirms the GBF, FS, and AF phases as discussed above. No further microstructural characterization is 

needed. For the weld sample using EH200B wire, Glyceregia etchant (3 parts HCL, 2 parts HNO3, 1 part 

Glycerine) reveals the microstructure in Figure 4.9. Martensite is the dominant constituents, which is 

related to the average hardness of 415 HV in the weld. There might be other phases excepts martensite 

though. Because solidification structures at different locations of the weld are different, in order to be 

representative, locations of weld middle and weld top in Figure 4.8 (b) are selected to compare the 
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microstructure. At the weld middle, the solidification mode is mixed dendritic/cellular mode, with cellular 

mode being dominant. At the weld top, the solidification mode is cellular mode. The change from the 

dendritic/cellular solidification mode to the pure cellular solidification mode is because of the different 

temperature gradient and growth rate at different locations of the weld pool. At the weld centerline, the 

temperature gradient G which is normal to the weld pool boundary is less than that at the fusion line, 

while the solidification rate R at the weld centerline is larger than that at the fusion line. Therefore, the 

solidification mode transfers to pure cellular at the weld top. LOM is combined with other techniques to 

characterize the phase fraction of martensite in the weld. 

 

Figure 4.8 Locaiton of (a) vickers hardness indents and (b) LOM photographs 
 

 

Figure 4.9 LOM photographs of EH200B weld at (a)500X, middle (b)500X, top (c)200X, middle 
(d)200X, top (e)100X, middle and (f)100X, top 
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4.2.2 SEM & EDS Results 
Besides LOM, SEM technique was also used in order to show the microstructure of the weld with 

different wires. For the weld with EH200B wire, both etched and unetched samples were characterized. 

ESEM microscopy with the backscattered electron imaging mode is used for the samples etched with 2% 

picral in Figure 4.10. In Figure 4.10 (a) and (b), the solidification structures are revealed and the 

solidification structures are perpendicular to the fusion zone of the weld since this direction is the 

direction where the heat diffusion is fastest. Figure 4.10 (b) clearly shows the substructure of the 

martensite with the solidification boundary aligned from top left to the bottom right. From the EDS 

results in Figure 4.14, the solidification boundaries are rich in Cr, Ni and other elements except Fe. There 

is possible discontinuously distributed austenite along the boundary which will be confirmed in the EBSD 

results section. Figure 4.10 (c) has similar solidification structure and martensite substructure, the lighter 

region might be either caused by the etching difference or real chemical difference in high Z number 

elements. In Figure 4.10 (d), there are again areas with different contrast because different grains have 

different orientations and react differently to the same etchant.  

 

Figure 4.10 Backscattered electron images of EH200B weld, sample etched with 2% picral. 



56 

 

Figure 4.11 (a) and (b) are photographs from unetched samples observed under FESEM with 

second electron imaging mode. The martensite substructure is shown along with possible austenite phase 

in light color regions along boundaries, again this will be discussed combined with the EDS and EBSD 

results. 

 

Figure 4.11 Secondary electron images of EH200B weld, sample unetched. 
 

The EDS mapping for the weld using EH200B wire is performed to characterize the elements 

segregation, potentially reveal the phase distribution. The final elements segregation of the weld is 

contributed from both the elements partitioning during solidification and the solid-state diffusion after 

solidification is over. ThermoCalc simulation is performed for the composition of EH200B wire in Figure 

4.12, where most elements except Fe segregate to the last liquid to form, in other words, the partitioning 

coefficient k is less than one for C, Cr, Ni, Mn, Mo, Si. The segregation of Cr is of particular interest for 

the discussion. Literature[91] states that kCr>1 and kNi<1 and Ni segregates toward the dendrite boundary 

and Cr segregates towards the dendrite core for 308 stainless steel, or for welds of 304L and 309 stainless 

steels. Different from what has been described in [27], where kNi<1 and kCr>1 in the Fe-Cr-Ni system. 

Martínez Díez[92] simulated the 10.5Cr-0.048C-0.07Ni-0.031Si system by varying the Mn content from 

zero to 20 wt%. In all compositions, kMn<1, kNi<1. However, for Cr, the partitioning coefficient differs 

with the variation of Mn content. In other words, kCr>1 for alloys with Mn wt. % <10, kCr>1 for richer 

alloys. While in Figure 4.14, both Cr and Ni elements segregate at the solidification cell boundaries. From 

the maps of Mn and S, bright particles are MnS which stay in the last solidified cell boundary. After the 

completion of the solidification, solid-state diffusion occurs of elements but mostly near the cell 

boundaries due to the short diffusion time from high cooling rate. This explains the distribution width of 

concentrated elements along the solidification cell boundaries. The EDS mapping results confirms the 

elements segregation but not the phase distribution, which will be discussed in the EBSD section. 
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Figure 4.12 ThermoCalc simulation for elements segregation of the weld using EH200B wire. 
 

 

Figure 4.13 Location for the EDS mapping of the weld using EH200B wire. 
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Figure 4.14 EDS mapping of the weld using EH200B wire. 
 

4.2.3 EBSD Results 
Thermocalc simulation in Figure 4.12 implies that the solidification mode is primary austenite 

instead of primary ferrite or the mixture of both. The LOM results confirmed the martensitic 

transformation from austenite phase. Therefore, it is necessary to know the phase fraction of martensite or 

austenite. The EDS mapping revealed the elements distribution not the phase fraction of martensite or 

austenite. Therefore, EBSD techniques were utilized to differentiate the austenite from martensite due to 

crystal structure difference. All EBSD results are from 50um × 50um area with scanning step of 0.13um. 

Weld top, weld middle and weld bottom of each sample are defined in Figure 4.15 and compared for 

phase fraction of austenite. 

 

Figure 4.15 EBSD locations for the BOP welded samples 
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For the EBSD results, the red color represents martensite phase and the green color represents the 

austenite phase. All the EBSD figures are reoriented so that the weld top is on the top side of each figure. 

Image Quality(IQ) data and IQ with phase data are shown in Figure 4.16 at weld top, weld middle and 

weld bottom respectively in (b), (d) and (e). The raw data were cleaned up with “Neighbor CI 

Correlation” method with the minimum confidence index(CI) of 0.1 in order to remove unreliable pixel 

points. This clean-up process has been investigated in literature and shown in Figure 4.17. Since there 

could be multiple solutions for one specific set of bands on which the CI is based, the solution reliability 

is 95% of the time for patterns with the CI of 0.1 or greater [93]. 

For the weld with EH200B wire, the phase fractions of austenite before and after the CI clean-up 

are summarized in Table 4.2. The clean-up data show the averaged austenite fraction of 5.7% compared 

with 9.9% from raw data. Therefore, the quantitative analysis of phase fraction using EBSD data depends 

on the clean-up procedure being used. However, qualitatively speaking, the austenite is mostly in the 

blocky form with up to 2um width. Traces of thin austenite files in between the martensite laths can also 

be observed which is comparable to the literature[94][95]. 

In the weld using EH200B wire, the austenite phase fraction decreases from the weld top to the 

bottom. This could be explained by the difference in cooling rate from the weld top to the weld bottom. 

At the weld bottom the heat is transferred away by mostly heat conduction to the base metal and the 

backing plate underneath. In comparison, at the weld top, the heat is mostly transferred to the air through 

convection or radiation. Therefore, the weld bottom has higher cooling rate than that of the weld top. Due 

to the shorter diffusion time, the alloying elements are less segregated to the solidification cell 

boundaries. With less alloying element segregation, less austenite was stabilized and retained along the 

solidification cell boundaries. The effect of elements segregation of the austenite stabilization can also be 

explained through Schaeffler Diagram in Figure 4.47 which basically indicate that the segregation of most 

elements leads to the top-right side of the diagram which is the austenite region. 
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Figure 4.16 Processed EBSD results of the BOP weld using EH200B wire (a) Weld Top, IQ. (b) Weld 
Top, IQ+phase. (c) Weld Middle, IQ. (d)Weld Middle, IQ+phase. (e) Weld Bottom, IQ. (f)Weld Bottom, 
IQ+phase 
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Figure 4.17 Confidence index (CI) versus fraction of correct solutions for poor quality fcc materials 
assuming at least 6 Kikuchi bands are identified[93]. 

 

Table 4.2 Phase fraction of austenite before and after clean-up process for EH200B 

Vol. % of γ Top Middle Bottom Average 

Before 13.0% 9.4% 7.3% 9.9% 

After 9.5% 4.2% 3.3% 5.7% 

 

4.2.4 XRD Results 
XRD technique is used to characterize the phase fraction of austenite in the welded samples using 

EH200B wire. The principles and detailed sample preparation and experimental procedure has been stated 

in the former section. The weld reinforcement is grinded off as shown in Figure 3.9. The sample welded 

with EH200B wire shows the austenite peak in Figure 4.18. The phase fraction of austenite for the sample 

welded using EH200B wire is 10.5% by averaging the calculated results from Cullity, Deshayes, and 

ASTM standards.  
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Figure 4.18 XRD results for the weld using EH200B-wire. 
 

The volume fraction of martensite is 89.5% and 5.7% respectively for XRD and EBSD 

techniques. Notice EBSD result is after data clean-up.  

 
Table 4.3 Summary of martensite volume fraction of EH200B weld using both XRD and EBSD 
techniques. 

 XRD EBSD* 

 Austenite Fraction Martensite Fraction Austenite Fraction Martensite Fraction 

EH200B 10.5% 89.5% 5.7% 94.3% 

* Quantatitive analysis depend on the CI threshold values for the clean-up process. 
 
The XRD examination is from the longitudinal section from the weld top while the EBSD results 

are from the weld top, weld middle and weld bottom locations at the weld cross section. For the EBSD 

results in Table 4.2, the average of the austenite fraction from the weld top and weld middle areas are 

11.2% before clean-up process and 6.9% afterwards. The XRD results should be comparable to the 

averaged EBSD results at the weld top and the weld middle to some degree. The difference in the 
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austenite/martensite fraction could be from the difference in the location of the sample, the anisotropy of 

the weld microstructure, the size of the examined area, the sample preparation, the detection limit and the 

EBSD clean-up process. 

The martensite phase fraction could explain the difference in distortion. The weld using ER70S-3 

wire has no martensite while the weld using EH200B wire has the martensite fraction of 89.5% from 

XRD results and 94.3% from EBSD results. Martensitic phase transformation induces volumetric 

expansion and thus decrease in residual stresses, which could be one of the reasons why there is much 

difference between the distortion patterns. 

 

4.3 Residual Stresses of BOP Welded Sheets Measured with Neutron Diffraction Method 

The residual stress distributions in BOP welded sheets using EH200B and ER70S-3 wires were 

measured, which will help to explain the differences in distortion pattern. Neutron diffraction is employed 

as a non-destructive method to measure the interplanar spacing and to calculate the residual stress 

distributions in the welded sheets.  

The mapped points are across the weld as shown in Figure 3.13. At each point in both TD and LD 

directions, d and d0 data were measured, strains in both directions were calculated. With Young’s 

Modulus E and poisson’s ratio ν, the residual stresses were calculated assuming plane stress state for the 

thin sheets. 

Due to the limited beam time approved for each visit, a total of four visits were used to complete the 
mapping of d and d0 spacing. The experiment number 1-4 in Table 4.4 represents the four visits. The 
beam sizes used for each visit are tabulated as well. The variation in beam size is determined by the setup 
orientation. Note that in Table 4.5 and Table 4.6, some of the measurements were repeated to evaluate the 
data fluctuation from different visits.  

 
Table 4.4 Neutron beam sizes used for each experiment 

Experiment Number Beam size, ND(mm) ×TD(mm)×LD(mm) 

1 1×1×4 

2 1×1×1 

3 1×1×4 

4 1×1×1 

 

Table 4.5 and Table 4.6 summarized the experiment numbers for line mapping results and 

through thickness results. When there are two experiment numbers for one condition, it means data from 

both experiments were used. 
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Table 4.5 Experiment number of the line mapped results 

 EH200B ER70S-3 

d d0 d d0 

TD 1 1, 4 1 1, 4 

LD 2 1, 4 2 2 

 

Table 4.6 Experiment numbers of the through thickness results 

 
EH200B ER70S-3 

d d0 d d0 

TD 3 1, 4 2 1 

LD 2 2 2 2 

 

The detailed experimental procedure has been discussed in 3.5. As mentioned earlier, accurately 

locating each mapped point in the welded sheets and reference samples is critical for analyzing the strain 

levels. However, in reality, it is difficult to achieve due to the relatively small base metal thickness and 

the weld size. For example, shift of measured points in TD caused by the light theodolite track of each 

point could cause a shift of the weld centerline. While the location in ND or the thickness direction 

determines how accurate the d spacing is. Especially in the weld and HAZ regions, where the weld 

morphology, chemical variation, and the phase change affect the d spacing greatly.  

Figure 3.13 shows the locations of the measured points along TD, reaching the edges of the 

welded sheets. One reason was to check whether the d measurements are symmetric with regards to the 

weld, and the other reason was to apply force balance for LD stress results. The locations of the measured 

points along thickness direction were indicated in Figure 3.15. Away from the weld, each measured point 

was located at the center thickness. Note that there is distortion in the welded plates. Within ±3mm from 

the weld centerline, a straight line is drawn. The locations of mapped points for d0 and d spacing were 

targeted to be the same to make sure that strain and stress at corresponding locations could be calculated.  

Figure 4.19 and Figure 4.20 summarizes the d and d0 spacing mapping results in the welded 

sheets using EH200B and ER70S-3, respectively. In TD measurements, EH200B weld shows higher d0 

values in the weld than ER70S-3 weld, which is also true for d spacing comparison. The high d and d0 in 

the weld are caused by high alloying elements in the EH200B weld and high volume fraction of body-

centered tetragonal martensite structure. 
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Figure 4.19 Line mapped d spacing comparison of EH200B and ER70S-3 in (a) TD (b) LD 
 

 

Figure 4.20 Line mapped d0 spacing comparison of EH200B and ER70S-3 in (a) TD (b) LD. 
 

With d and d0 measured, strains and stresses in TD and LD were calculated using the equations 

below and summarized in Figure 4.21 and Figure 4.22. E and v values were given in section 3.5. 

 � = − × % 

� = �− � (� + �� ) 

� = �− � (� + �� ) 
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Figure 4.21 Line mapped strain distribution of welded sheets using EH200B and ER70S-3 wires along (a) 
TD, (b) LD 

 

 

Figure 4.22 Line mapped stress distribution of welded sheets using EH200B and ER70S-3 wires along (a) 
TD (b) LD 

 
Notice the d spacing and strain plots shared similar shape while the stress plots are more different 

from the other two. This is reasonable since residual stresses need to incorporate the strains in both TD 

and LD. Figure 4.22 (a) shows low residual stresses along TD for both EH200B and ER70S-3 welds, 

except for a narrow peak in the EH200B weld center. As shown in Figure 4.22 (b), the overall residual 

stresses in LD are higher than those in TD, for both EH200B and ER70S-3 welds, which makes the LD 

the maximum principal direction. More importantly, EH200B weld exhibits overall lower residual 

stresses in the weldments in comparison to the ER70S-3 weld, which is expected for LTTW wire[96][97]. 
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The symmetric distribution of residual stress partly validates the neutron diffraction measurement. 

Internal force along the LD should be balanced, which means the area enclosed by the stress curve and x 

axis in Figure 4.22 (b) should be zero. Data from -100mm to 0mm away from the weld centerline from 

Figure 4.22 (b) is used for force balance analysis due to the symetry of the stress curve.  The results after 

force balance analysis for both EH200B and ER70S-3 are summarized in Figure 4.23. The stress values 

for the welded sheets using EH200B and ER70S-3 wires were reduced by 72MPa and 46MPa 

respectively, which are 31% and 13% relative to the original peak stress of each line. Potential cause of 

reduction of stresses along longitudinal could be that the stresses in the reference samples were not 

completely relieved, or an overall shift in d or d0 spacing due to different neutron beam cycles and the 

peak location precision limitation (2� - 0.003 degree).  

 

 

Figure 4.23 Residual stresses comparison of EH200B and ER70S-3 along LD after force balance analysis. 
 

Besides the line mapping results, Figure 4.24 shows the measured d and d0 in the weld centerline 

through thickness direction, to check the stress distribution from the weld top to bottom. Strain and stress 

data were calculated from the d and d0 spacing and summarized in Figure 4.25 and Figure 4.26. 

“Reference point” used in x axis of Figure 4.24, Figure 4.25, and Figure 4.26 is the (0, 0) point in Figure 

3.14, which is 1mm away from the bottom surface along the weld centerline. 
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Figure 4.24 Through thickness direction d and d0 data along (a) TD and (b) LD 
 

 

Figure 4.25 Through thickness direction strain data along (a) TD and (b) LD 
 

 

Figure 4.26 Through thickness direction stress data along (a) TD and (b) LD 
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Residual strains in TD are lower than those in LD, which is true for both line mapped results and 

through thickness results. For LD residual stress in EH200B weld, there seems to be a decreasing trend 

from the reference point to the weld top surface. However, the measurement did not cover all the points to 

the top surface, there may be compressive residual stresses at the weld top surface as indicated by the 

oposite distoration pattern in EH200B and ER70S-3 welds. The through thickness mapping results may 

not match the actual stress distirubtion as accurate as desired for the following reasons. Firstly, 1mm 

×1mm×1mm beam size may still be relatively large, leading to data averaging from a large gauge volume 

that may covers both the weld and HAZ. Secondly, there are variations in weld bead morphology of the 

two sheets with different size weld, any variation in mapping location may lead to lower accuracy when 

comparing the two welds at the same location. 

In conclusion, welded sheet using EH200B wire showed lower residual stresses in the weld and 

HAZ along LD than the sheet using ER70S-3 wire. TD residual stresses in the two weldments are 

negligible. High volume fraction of martensite in the EH200B weld induces volumetric expansion and 

thus residual stress reduction. Therefore, there should be difference in distortion patterns of the welded 

sheets using EH200B wire and conventional wire. In addition, residual stresses through thickness shows 

that residual stress has a decreasing trend from the bottom side to the weld top surface for EH200B weld. 

Compressive residual stresses may exist in the weld top, which agrees with other research[96], [98], 

where from the weld top surface to the weld bottom surface, residual stresses are expected to change from 

compressive to tensile residual stresses when using LTTW wires. 

The combination of high tensile residual stress and material softening in the HAZ of DP980 steel 

sheets could be the major source for premature failure in automobile applications [70], [73], [99], [100]. 

Therefore, the developed EH200B wire demonstrates to be effective in the control of residual stress in 

HAZ. Fatigue life of lap joint panels are expected to be improved with the developed EH200B wire [21], 

[73], [99]. 

It is worth noticing that the large slit size used for the neutron diffraction measurement yields 

volume-averaged residual stress data. Finite element analysis should be able to provide a complete 

residual stress profile and verify the stress distribution along the measured line. 

 

4.4 Microstructure and Hardness for Lap Joints 
The locations for microstructure comparison of the lap joint welds using ER70S-3 and EH200B 

wires are shown in Figure 4.27. The microstructure of the lap joint weld using ER70S-3 in Figure 4.28 

consists of GBF, AF, and FS(A), which is expected for the commercial wire considering the low 

chemistry. The constituents of the microstructure for BOP weld and lap joint weld are the same. 
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However, the ferrite morphology and size are different due to the differences in geometry and cooling 

rate.  

 

Figure 4.27 Location A and B for the microstructure comparison of the lap joint welds using ER70-S-3 
and EH200B wires 

 

 

Figure 4.28 Microstructure of the lap joint welds using ER70S-3 wire etched with 2% nital. (a) Locaiton 
A, 200x, (b) Location A, 500X, (c) Location B, 200x, (d) Location B, 500x. 
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For the lap joint weld using EH200B wire, Kalling’s No. 1 etchant revealed the martensite 

constituent as presented in Figure 4.29. The martensite phase fraction was determined to be 75% by point 

counting method. 

Thermocalc calculation of the EH200B weld in Figure 4.30 showed that equilibrium phase should 

be austenite at high temperatures. Therefore, it is reasonable to state the microstructure in Figure 4.29 

consists of martensite and austenite, especially with the evidence of the same microstructure identified 

using EBSD and XRD techniques for BOP weld. 

 

 

Figure 4.29 Microstructure of the lap joint welds using EH200B wire etched with Kalling’s No. 1 etchant. 
(a) Location A, 200x, (b) Location A, 500X, (c) Location B, 200x, (d) Location B, 500x. 
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Figure 4.30 Thermocalc calculation of the equilibrium phase diagram for EH200B wire 
 

In Figure 4.31, macrostructure of the lap joint weld using EH200B wire showed the instability of 

weld pool solidification, with the evidence of the lines parallel to the fusion line. The darker lines are 

indications that there has been sudden increase in solidification rate or cooling rate, causing alloy 

elements being trapped and more severe etching. 

 

Figure 4.31 Macrostructure of the lap joint weld using EH200B wire. 
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Figure 4.32 Zoomed in view of the darker lines after color etching. 
 

Microhardness measurement across the lap joint weld was performed with the results shown in 

Figure 4.33. For the welds using both wires, base metal DP980 has hardness around 300HV. There was 

HAZ softening due to the thermal cycle applied to the DP980 steel. Right next to the weld fusion line, 

there was Coarse Grain Heat Affect Zone(CGHAZ) with coarse martensite microstructure with the 

temperature reaching above Ac3. For the weld using EH200B wire, the hardness varied between 270HV to 

400HV which confirmed the martensite constituent as observed in the optical microstructure. In 

comparison, the hardness for ER70S3 weld was as low as 230HV to 250HV, which is consistent with the 

ferrite microstructure observed from optical microstructure. 
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Figure 4.33 Hardness mapping resuls of (a) EH200B weld (b) ER70S-3 weld. 
 

4.5 Fatigue Properties of Lap Joint Panels 
The fatigue testing results of the lap joint panels using EH200B and ER70S-3 wires are 

summarized in Table 4.7. The average fatigue life is 4.5×105 cycles for ER70S-3 weld and 8.7×105 cycles 

for EH200B weld. 

Fatigue life of the weld metal itself is different from fatigue life of the welded joints[53]. The 

former is determined by the combination of filler metal and base metal, defects in the weld like porosity, 
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inclusions and surface imperfections. While the latter is affected by all factors above and other factors 

including lack of fusion, geometrical stress raisers from weld design and fabrication. The latter is often 

more detrimental than the former.  

In this project, the final failure of lap joint panels using both wires always happened in the weld 

as shown in Figure 4.34. Figure 4.34 also showed the fracture surface in the HAZ. Figure 4.35 is an 

illustration where the surface of final failure and fracture surface in HAZ are located. Due to the geometry 

and stress raisers at the weld root, cracks propagated from the root through the weakest part which is the 

top sheet in this geometry. Therefore, the root opening as well as the chemical composition and 

microstructure along the surface of final failure is of the most importance. The root opening was not of 

consideration in this case, considering the same experimental setup and clamping condition for all 

samples. However, small variation in sheet thickness and flatness may exist and root opening may be a 

factor. 

Another fracture surface can be observed as pointed by the red arrows in Figure 4.34 which is 

also illustrated as blue color surface in Figure 4.35. This fracture surface happened in the bottom sheet 

with cracks propagated from the top surface down to the bottom surface. The fracture surface size of 

some samples is larger than others, but all samples showed the same kind of fracture. 

 

Table 4.7 Fatigue testing results of the lap joint panels welded with ER70S-3 and EH200B-wires 
Test Number Wire Load Range (kip) Cycles to Failure 

1 ER70S-3 0.238 - 2.126 4.9×105 

2 ER70S-3 0.236 - 2.127 5.8×105 

3 ER70S-3 0.245 - 2.125 2.8×105 

4 EH200B 0.239 - 2.112 6.2×105 

5 EH200B 0.239 - 2.128 1.1×106 

6 EH200B 0.245 - 2.125 8.9×105 

 



76 

 

 

Figure 4.34 Fatigue fracture of lap joint panels using (a),(b) EH200B, (c),(d)ER70S-3 wires respectively. 
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Figure 4.35 Illustration of the fatigue fracture surface. Red surface is where the samples failed at. Blue 
surface is where fracture propagated in the HAZ. 

 

The final fracture surfaces of the lap joint panels are shown in Figure 4.36 and Figure 4.37 for the 

lap joint weld using EH200B wire. Multiple ratchets marks are present along the weld root line, which 

means multiple crack initiation sites from the weld root propagated into one main crack. In addition, the 

crack surfaces are more zigzagged compared with ER70S-3 weld because the former used metal-cored 

wire with relatively low electrode weldability. A few inclusions were also observed in the weld. 

The SEM photographs in Figure 4.38 show brittle fracture surface. Figure 4.38 (c) also shows a 

void in the weld besides the brittle fracture morphology. 

For the final fracture surface of the lap joint panels using ER70S-3 wire in Figure 4.39 and Figure 

4.40, the fracture surface is more close to a flat plane due to the good electrode weldability of commercial 

ER70S-3 wire which is a solid wire. A few inclusions in the weld were observed similar to the weld using 

EH200B wire. 

For the SEM photographs in Figure 4.41, there may be mixed ductile/brittle fracture morphology. 

A lot of secondary cracks were found in Figure 4.41 (a). 
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Figure 4.36 Final fracture surface of the lap joint panel using EH200B wire. 
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Figure 4.37 Cracks in the lap joint panel using EH200B wire. 
 

 

Figure 4.38 SEM photographs of the fracture surface for the weld using EH200B wire. 
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Figure 4.39 Final fracture surface of the lap joint panel using ER70S-3 wire 
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Figure 4.40 Cracks in the lap joint panel using ER70S-3 wire around a pore. 
 

 

Figure 4.41 SEM photographs of the fracture surface for the weld using ER70S-3 wire. 
 

4.6 Modification of EH200B wire – EH200B-SiL and EH200B-SiH 

EH200B wire was able to reduce tensile residual stresses in the weld and HAZ along longitudinal 

direction and improve fatigue life of lap joint panels. However, there were large size spatters in the weld 

using EH200B wire and the weld width was not as consistent as commercial ER70S-3 weld, as shown in 

Figure 3.5. Therefore, EH200B-SiL and EH200B-SiH wires were designed to improve electrode 

weldability.  

Table 3.1 includes the chemical compositions of the two developed wires besides EH200B and 

ER70S-3 wire. All three metal-cored LTTW wires and the solid ER70S-3 wires were compared for BOP 
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welding with 150 mm × 100 mm × 2 mm A36 steel sheets regarding electrode weldability, weld 

microstructure and hardness. Distortion of the welded plate were also compared. 

Martensite start temperatures of EH200B-SiL and EH200B-SiH wires were measured using 

Gleeble setup. 

4.6.1 Welding Parameters and Electrode Weldability 

The welding parameters were optimized for the weld using EH200B wire. The same voltage and 

wire feeding speed along with similar heat input as shown in Table 4.8 was used for other wires to control 

the heat input. All wires were 0.045 inch in diameter. The current and voltage were recorded using the 

ArcAgent3000P Software. 

 
Table 4.8 Welding parameters for BOP welds using different wires 

Wire Set Voltage(V) 
WFS 

(ipm) 
Voltage (V) Current (A) 

Travel 

Speed(ipm) 

Heat 

Input(J/mm) 

ER70S-3 23 260 23.5 345 38.3 500.0 

EH200B 23 260 23.5 308 34.8 491.3 

EH200B-SiL 23 260 23.5 311 34.8 496.1 

EH200B-SiH 23 260 23.4 312 34.8 495.6 

 

LTTW consumables including EH200B, EH200B-SiL, and EH200B-SiH were compared in terms 

of electrode weldability for BOP welds with the base material of 2mm thick A36 steel sheets in Figure 

4.42. The spatter amount as well as the consistency of the weld were selected for the comparison of the 

electrode weldability. 

The commercial ER70S-3 wire showed the best performance in electrode weldability. Among all 

LTTW wires, EH200B wire showed the worst electrode weldability with inconsistent weld width and the 

most spatter, while EH200B-SiH wire showed the best electrode weldability with consistent weld width 

and the least spatter. Silicon is a commonly used deoxidizing agent when its composition is between 

0.40% and 1.00%. Silicon can be added to steel for deoxidization, for welding wires silicon can also be 

added to increase the fluidity of the weld metal and reduce spatter[101], [102] 
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Figure 4.42 Weld bead morphology using (a) EH200B-SiH, (b) EH200B-SiL, (c)EH200B, (d) ER70S-3 
wires, respectively 

 

The addition of silicon did increase the electrode weldability of the LTTW wires. Since the 

electrode weldability was improved using the two modified wires, their effects on microstructure and 

distortion patterns were also discussed to make sure the LTTW characteristic still applies. 

4.6.2 Microstructural Characterization 

Microstructural characterization follows the same procedure as the EH200B wire and ER70S-3 

wire did, techniques including LOM, SEM and EBSD were used.  

For the LOM analysis, the samples were etched with Glyceregia etchant. Microhardness was 

measured across the weld as shown in Figure 4.8 (a) and the results are summarized in Table 4.9. The 

LOM photographs at weld middle and weld top in Figure 4.8 (b) were compared. 

Table 4.9 Summary of microhardness measurement. (500mgf load for 10s) 
 Averaged HV Standard Deviation 

ER70S-3 197.9 8.2 

EH200B 414.6 13.0 

EH200B-SiL 412.2 8.4 

EH200B-SiH 407.5 6.0 
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Figure 4.43 and Figure 4.44 are the LOM photographs for EH200B-SiL and EH200B-SiH welds. 

Combination of the LOM photographs and microhardness results confirms the high volume fraction of 

martensite in both the EH200B-SiL weld and the EH200B-SiH weld. 

 

 

Figure 4.43 LOM photographs of EH200B-SiL weld at (a)500X, middle (b)500X, top (c)200X, middle 
(d)200X, top (e)100X, middle and (f)100X 
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Figure 4.44 LOM photographs of EH200B-SiH weld at (a)500X, middle (b)500X, top (c)200X, middle 
(d)200X, top (e)100X, middle and (f)100X, top 

 

The FESEM secondary electron images of EH200B-SiL are shown in Figure 4.45. All the 

samples are unetched and prepared with final polishing using 0.02um silica colloidal for EBSD sample 
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preparation. Martensite substructures are present in all four figures. The laths are wider than those from 

the EH200B weld. 

 

Figure 4.45 Secondary electron images of EH200B-SiL weld, sample unetched. 
 

For the weld with EH200B-SiH wire, the backscattered electron images in Figure 4.46 (a) and (b) 

show the martensite substructure. Figure 4.46 (d), (e), and (f) present the martensite microstructure under 

three different magnifications. 
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Figure 4.46 (a) (b) Backscattered electron images and (c), (d), (e), (f) Secondary electron images of 
EH200B-SiH weld, sample unetched. 
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Figure 4.47 Schaeffler diagram [37].Points 1-4 mark out the locations of EH200B, EH200B-SiL, 
EH200B-SiH, ER70S-3 wires, respectively. 

 
For the welds using different welding consumables, the EBSD data were processed with the same 

clean-up procedure. Figure 4.48 and Figure 4.50 are IQ and IQ+phase maps at weld top, weld middle, and 

weld bottom for the weld using EH200B-SiL and EH200B-SiH wires respectively. The retained austenite 

phase fractions are summarized in Table 4.10. Figure 4.49 shows another experiment with 0.8% of 

austenite in the weld using EH200B-SiL wire, compared with 5.3% austenite phase in Figure 4.48 (a) and 

(b). The reasons for the variation in phase fractions could be from the sample preparation, the quality of 

the SEM image, and the low CI threshold for the clean-up procedure. Notice not all images have good 

quality, for example, the austenite phase floating on top of the martensite substructure in Figure 4.48 (b) 

could be noise. The quantitative comparison of the EBSD data for smaller fraction of austenite may not be 

reliable due to the reasons above. In addition, the examined area is 50um × 50um in size, which makes 

the quantitative analysis less representative. 
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Figure 4.48 Processed EBSD results of the BOP weld using EH200B-SiL wire (a) Weld Top, IQ. (b) Weld 
Top, IQ+phase. (c) Weld Middle, IQ. (d)Weld Middle, IQ+phase. (e) Weld Bottom, IQ. (f)Weld Bottom, 
IQ+phase. 
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Figure 4.49 EBSD results of the BOP weld using EH200B-SiL wire from a different experiment (a) Weld 
Top, IQ. (b) Weld Top, IQ+phase. 

 

Figure 4.50 Processed EBSD results of the BOP weld using EH200B-SiH wire (a) Weld Top, IQ. (b) Weld 
Top, IQ+phase. (c) Weld Middle, IQ. (d)Weld Middle, IQ+phase. (e) Weld Bottom, IQ. (f)Weld Bottom, 
IQ+phase. 
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Table 4.10 Phase fraction of austenite before and after clean-up process for EH200B-SiL and EH200B-
SiH 

Austenite Fraction  Top  Middle  Bottom  Average  

EH200B-SiL 5.3%  1.8%  3.1%  3.4%  

EH200B-SiH 2.0% 2.4% 4.0% 2.8% 

 
XRD technique is not able to detect any austenite peak for the samples welded with EH200B-SiL 

wire and EH200B-SiH wire. 

The austenite phase fractions of the samples using different wires are compared in Table 4.3. 

From XRD results, sample using EH200B wire has 89.5% martensite while the samples using EH200B-

SiL and EH200B-SiH wires present 100% martensite. From EBSD results, sample using EH200B wire 

has 94.3% martensite, which is less than that of the sample using EH200B-SiL or EH200B-SiH wire. The 

trend is the same for both XRD and EBSD techniques. The welds using EH200B-SiL and EH200B-SiH 

wires have similar fractions of martensite which are both larger than that of EH200B wire. 

 
Table 4.11 Summary of the phase fractions using both XRD and EBSD techniques. 
 XRD EBSD** 

 Austenite Fraction Martensite Fraction Austenite Fraction Martensite Fraction 

EH200B 10.5% 89.5% 5.7% 94.3% 

EH200B-SiL 0%* 100% 3.4% 96.6% 

EH200B-SiH 0%* 100% 2.8% 97.2% 

* No detectable austenite peaks using XRD technique. 
 

4.6.3 Distortion Results 
Figure 4.51 summarizes the distortion patterns of the welded sheets using EH200B, EH200B-SiL, 

EH200B-SiH, and ER70S-3 wires. The distortion patterns of the sheets using EH200B-SiL and EH200B-

SiH wires are similar in both the bowing direction and the maximum distortion magnitude. Both patterns 

have the similar bowing direction as the one using EH200B wire. However, the maximum distortion 

magnitude of the sheet using either EH200B-SiL or EH200B-SiH wire is much smaller than that of the 

sheet using EH200B or ER70S-3 wire. 

Figure 4.52 shows the distortion line maps of the welded sheets using different wires. Figure 4.52 

(a), (b), and (c) are all from the lines in the longitudinal directions, while Figure 4.52 (d) is from the 

transverse direction. Figure 4.52 (a) locates at the weld centerline which explains the less smooth trend 

due to the weld morphology and possible offset of weld centerline at each measured point. Figure 4.52 (b) 
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and (c) shows similar distortion trend using different wires. The welded sheet using ER70S-3 wire shows 

the opposite distortion from those using LTTW wires. Among all the LTTW wires, the welded sheets 

using EH200B-SiL and EH200B-SiH wires have similar distortion pattern and magnitude, which are less 

than that using EH200B wire. Results in transverse direction in Figure 4.52 (d) present the same 

conclusion only with the opposite bowing direction compared to those in LD direction. 

 

Figure 4.51 Distortion maps of the distorted sheets with BOP welds using (a) ER70S-3 (b) EH200B (c) 
EH200B-SiL (d) EH200B-SiH wires 
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Figure 4.52 Distortion line maps of the distorted sheets with BOP welds using ER70S-3, EH200B, 
EH200B-SiL and EH200B-SiH wires at locations of (a)Line 1, (b)Line 2, (c)Line 3 and (d)Line 4. The 
line locations are described in Figure 3.7 

 
4.6.4 Martensite Start Temperature 

Martensite start temperature of two LTTW wires, EH200B-SiL and EH200B-SiH, were measured 

using gleeble and the Ms temperatures are 318°C and 160°C respectively. Attempts were also made for 

the Ms temperature measurement of EH200B wire. However, due to the porosity in the welds, there is no 

measurement data for EH200B wire. There might also be microvoids in the EH200B-SiL and EH200B-

SiH welds, which may cause errors in dilatometric measurement. 
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Figure 4.53 Dilatometry measurement using Gleeble. (a)EH200B-SiL. (b) EH200B-SiH. 
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CHAPTER 5 

CONCLUSIONS 

Distortion patterns generated by EH200B and commercial ER70S-3 wires are opposite in BOP 

welded A36 steel sheets with a thickness of 2mm. 

BOP welds using EH200B wire shows the mixed microstructure of martensite and austenite. 

About 90 vol.% of martensite was characterized using EBSD and XRD techniques. For ER70S-3 weld, 

the weld microstructure is ferrite.  

Residual stresses measured using neutron diffraction method shows that higher stress levels are 

associated with longitudinal direction (LD) in the weldments. The residual stresses along LD in the weld 

and HAZ for EH200B weld was found to be lower than that for ER70S-3 weld. Through thickness 

mapping in the EH200B weld centerline shows that residual stresses has a decreasing trend from bottom 

to top, which indicates the possibility of compressive residual stresses at the top surface of the weld.  

Microstructures in lap joint welds using EH200B wire and ER70S-3 wire are similar with those in 

BOP welds, even though the base material is DP980 sheets for lap joint welds and A36 sheets for BOP 

weld. HAZ softening occurrs in the DP980 lap-joint panels. The EH200B wire is overmatching and 

ER70S-3 wire is undermatching regarding hardness. 

Lap joint panels using EH200B wire doubled the fatigue life of those using ER70S-3 wire, which 

could be attributed to a higher strength from martensite phase and lower residuals stresses. 

Electrode weldability of EH200B wire was improved by slightly tailoring the composition, i.e., 

EH200B-SiL and EH200B-SiH. No significant changes in microstructure and distortion patterns were 

observed by using the two new wires. 

For practical welding concern, modified EH200B-SiL and EH200B-SiH wires improved the 

electrode weldability of EH200B wire. The microstructure for BOP weld is almost 100% martensite for 

both wires. The increased fraction of martensite leads to smaller distortion of BOP welded sheets. 
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