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Demand for dissimilar welding has shown continuous growth in a wide variety of 

industrial fields, including power generation, petrochemical plants, oil and gas 

exploration, transportation and aerospace manufacturing. Dissimilar welding enables the 

desirable properties of different materials to be combined in a single welded joint. 

Although dissimilar welding is advantageous in many applications, it is usually a more 

difficult and problematic operation than similar metals welding. The challenges stem 

from disparity in the physics, mechanics and metallurgy of the constituent materials in 

the welded joint.  

The objective of the current thesis is to provide a critical literature review and 

experimental study of a number of dissimilar welds with different combinations of base 

metals and welding processes. Additionally, the study aims to utilize the findings from 

the experiments and review in design of a novel decision-making method to improve the 

design and reliability of welded structures.  

This dissertation is an article-based study that includes the outcome of seven articles 

presented in the second part of the work. The results of the experimental studies and 

review show the consequential alterations in the microstructure and mechanical properties 

of the welds focusing on their relation to the process parameters and techniques used. The 

results testify to the critical role of selection of the materials, welding process and 

parameters in achieving a quality weld with appropriate metallurgical and mechanical 

characteristics.  

A new database-driven and application-based selection method is presented that aims to 

reduce the risk of failure in manufacture or during service. To this end, a modified design 

for manufacturing and assembly (DFMA) approach for welding is utilised to introduce 

an application-based selection method with a built-in expertise feature in agreement with 

the concurrent engineering (CE) concept into dissimilar welding decision-making. To 

realise the benefits of CE and enable effective adoption of the approach in manufacturing 

companies, integration of the new DFMA-based model into product data management 

(PDM) systems is proposed. An application is devised as a proof of principle and is tested 

with offshore conditions as the nominated service conditions. The proposed approach can 

facilitate the design of weldments and accelerate decision-making in weld design as its 

use demands only minimal knowledge of welding and metallurgy. 



Keywords: Dissimilar welding, microstructural analysis, mechanical testing, fatigue 

behaviour, compositional analysis, DFMA, CE, PDM, decision making. 
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Nomenclature 

In the present work, different dissimilar welds are denoted using italic type.  

Latin alphabet 

E Arc Energy kJ/mm 

I Arc Current A 

Q Heat Input kJ/mm 

U Arc Voltage V 

v Welding Speed mm/s 

WFS Wire Feed Speed m/min 

Greek alphabet 

 

γ Austenite (Gama) 

δ Ferrite (Delta) 

γ2 Secondary Austenite 

σ Sigma 

χ Chi 

Superscripts 

W Weaving applied 

Subscripts 

eq Equivalent 

LB Liquidous base metal 

LW Liquidous weld metal 

L Lower 

U Upper 

Abbreviations 

AF Primary Austenite  

ASS Austenitic Stainless Steel  

B Bainite 

BL Lower Bainite 

BSE Back Scattered Electron 

BU Upper Bainite 

C.C.T Continuous Cooling Transformation  

CAD Computer Aided Design 

CAE Computer Aided Engineering 
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CAM Computer Aided Manufacturing 

CE Concurrent Engineering  

DFMA Design for Manufacturing and Assembly 

DP Dual Phase 

DQ Direct Quenched  

DSS Duplex Stainless Steel 

EDS Energy-Dispersive Spectroscopy  

FA Primary Ferrite  

FAT Fatigue Class Number  

FN Ferrite Number  

GBA Grain Boundary Austenite  

GMAW Gass Metal Arc Welding  

HAZ Heat Affected Zone  

HSLA High Strength Low Alloy  

HV Vickers Hardness 

IGA Inter Granular Austenite  

M Martensite  

PDM Product Data Management  

PMZ Partially Mixed Zone 

QT Quenched and Tempered 

R Ratio  

SASS Super Austenitic Stainless Steel  

SEM Scanning Electron Microscopy   

S-N Stress-Cycle Number  

T.T.P. Time Temperature Percipitation  

TFB Transverse Face Bending 

TLB Liquidus Temperature of the Base Metal 

TLW Liquidus Temperature of the Weld Metal 

TRB Transverse Root Bending  

TWB Tailor Welded Blanks 

UHSS Ultra High Strength Steel  

UMZ Unmixed Zone 

WA Widmanstätten Austenite  

WPQT Welding Procedure Qualification Tests  

WPS Welding Procedure Specification  

WQT Welder Qualification Tests  

WRC Welding Research Council 
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 Introduction 

The use of dissimilar welding of metals has seen continuous growth in industrial 

applications in many fields, including, power generation, and the automotive, 

petrochemical and aerospace industries. Dissimilar welding enables the favourable 

chemical-mechanical properties of different materials to be combined in a single welded 

joint. In many cases, the main motivation for using dissimilar welds of metals is 

economic, and a higher cost material is generally used in combination with a lower cost 

material. Consequently, when different parts of a welded structure are subject to different 

environmental and service conditions, for example on oil platforms and in petrochemical 

plants, usage of the more expensive material is limited to sections that need to withstand 

demanding service conditions. Dissimilar welding can also be beneficial in lightweight 

structures, where a high strength material is used for local reinforcement in combination 

with a lightweight material (e.g. aluminium).  

The pitfalls of dissimilar welding lie in the heterogeneity of the physical, mechanical and 

metallurgical features of the constituent materials of the welded joint. Dissimilarity in the 

characteristics and behaviour of the metals necessitates extremely careful attention to 

selection of a compatible combination of the substrate materials, welding process, process 

parameters and consumables. Incompatibility of the aforementioned parameters can 

potentially result in catastrophic failure of the welded joint or severe degradation of the 

weld quality and weld properties. Hence, successful design of dissimilar welded 

structures needs consideration of all the parameters involved and analysis and 

understanding of their interactions. Clearly, finding an optimal solution becomes a 

complex task for the designer, particularly in view of the interconnected and diverse 

nature of the physical, process and cost parameters related to the material, welding 

process and joint design. This complexity underlines the importance of a systematic and 

reliable decision-making method to assist designers and reduce the complexity of the task 

and the risk of improper parameter and materials selection. 

This dissertation comprises two parts. The first part presents a study of three different 

dissimilar metal welds: structural steel (S 355 MC) and austenitic stainless steel (AISI 

304 L), aluminium and Zn-coated steel, and a novel combination of direct-quenched ultra-

high strength steel (S 960 QC) and duplex stainless steel (SUS S32205) using a fully 

austenitic filler wire.  

The following aspects were investigated for the dissimilar welds studied: 

The effect of filler metal and welding technique (weave or stringer bead) on the 

microstructure and hardness of a weld between S 355 MC and AISI 304 L. 

The effect of process parameters and joint design on the formation of brittle intermetallic 

compounds and the quality of dissimilar welds of Zn-coated steel and aluminium in 

overlap configuration. 
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The effect of heat input on the microstructure, chemical composition, mechanical

properties and fatigue behaviour of a dissimilar weld of S 960 QC and SUS S32205. 

The dissimilar welds studies demonstrate the consequential effects of the welding process 

parameters and filler metals on the resultant microstructure of the fusion zone and HAZ, 

and, thereby, the final mechanical-chemical characteristics of the welded joint.  

The second part of the dissertation introduces a DFMA-based approach that can enable 

appropriate and effective decision-making when selecting material attributes, filler metals

and welding process variables. The approach can potentially provide a solution

guaranteeing high reliability in design of similar and dissimilar welded joints in real world 

welding operations. In addition, the work proposes a method for integration of the

DFMA-based approach with PDM systems or CAD tools, thus making the approach more 

applicable for the companies that are already using CAD / PDM tools in their design 

activities.  

Research background and motivation 

Successful design of a welded structure relies on selecting suitable base metals, proper 

joint geometries and thicknesses commensurate with the demanded load carrying 

capacity, life expectancy and service environment. However, these criteria cannot

guarantee the performance of the weldment if the characteristics of the weld, including 

metallurgical aspects, are not carefully considered. The mechanical and metallurgical 

properties of a weld are the result of complex interactions of the base and filler metals,

and the welding process and its parameters. In addition to performance and functionality, 

the cost of the final product, which is of prime importance, has to be adjusted to meet

customer demands and market competition. However, reaching a favourable balance

between service and function requirements and cost is not usually straightforward since 

these factors are directly or indirectly connected. For instance, functionality and life span 

are primarily determined by materials and defined geometries, as well as the 

manufacturing process, all of which are also determining factors in the cost of final 

product. 

Selection of materials is a major step in structure design and determines functionality,

serviceability, life span and cost. The wide range and diverse nature of material options

available complicate material selection. For weldment design, however, material 

selection becomes an extremely demanding task for the designer because in addition to 

compatibility issues related to the function, structure or process, the weldability should

also be taken into consideration. Weldability is a complex quality that is dependent on 

multiple criteria, including material, welding process type, process parameters and 

consumables, as well as joint geometry. The interaction of the material and the welding 

process is the main determinant of weldability. The welding process and procedure can

cause fundamental changes in the inherent properties of the base materials. Thus, welding 

in the manufacturing stage can undermine all efforts in preceding design steps, if the

material is not compatible with the welding process and/or the welding process 
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specification (WPS) is improperly defined. When a designer selects a material for a

weldment, the effect of the joining process used should thus be taken into account. It 

should be noted that the type of joining process can introduce limitations on the joint

geometries and locations, and thicknesses, or alternatively, the joint design can impose 

restrictions on the welding process used. 

Concurrent engineering (CE) is an approach that enables simultaneous consideration of

functionality, manufacturability and cost-related issues. However, effective 

implementation of CE needs an appropriate strategy and adaptation for the specific design 

and production operation under consideration. Design for manufacturing and assembly 

(DFMA) is considered one of the main approaches to achieving CE. Traditional DFMA 

combines two concepts: namely, design for assembly (DFA) and design for

manufacturing (DFM). Analysis of a design concept is usually initiated with DFA, which 

aims to improve the ease of assembly by reducing the parts count and parts variation, as

well as minimizing the variety of assembly instructions and their complexity. This DFA 

analysis is followed by design for manufacturing (DFM) using the framework provided 

by DFA. DFM aims to improve the product design at minimum manufacturing cost for

maximum manufacturing quality using the best techniques and practices available.

DFMA emphasizes the responsibility of the designer to ensure the functionality, 

reliability and manufacturing feasibility of the design (Tasalloti et al., 2016) (Eskelinen, 

2013b).  

In many welding practices, dissimilar combinations of metals are desirable for 

applications where a combination of good functional and service properties and

competitive cost are major considerations. Obviously, the complex relation between 

functionality, materials, process, and cost concerns introduces huge complication to the

design process. This complexity makes it unfeasible to define an essentially linear design

procedure starting from the structure blueprints and ending at the finalized sketches with 

determined materials for manufacturing. Such a linear procedure, which is used in 

traditional design methods, would cause many difficulties during dissimilar weld 

manufacturing and/or service. 

A number of obvious reasons can be named for possible problems and failures, including 

inappropriate compatibility between materials, thicknesses, joint positions and 

dimensions relative to the capabilities or limitations of the welding phase. Such defects 

can lead to a need for major revisions and reworks, which will adversely affect the cost 

and production cycle time. However, the adverse effect of a failure to accurately account 

for these considerations can be more critical if a defective weld reaches the end-user. Poor

weldability of the materials used or incompatibility of the materials for an intended 

application are the main causes of service failure. The cost of such failure can be

immense, with a possibility of catastrophic effects on human lives or the environment. 

Consequently, it is important to consider all aspects of manufacturing and service together 

with the function and geometrical design in a systematic way and from the initial stages 

of design.  
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Finding a solution to address the challenges described above was the main motivation of

this study and the motive behind the adoption of the CE concept and DFMA methodology

for the purpose of welded structures design. Hence, a DFMA-based approach with built-

in expertise is proposed that takes into consideration a range of decisive chemical-

mechanical and metallurgical features together with cost attributes.  

Objective and focus 

The focus of interest of the current study is dissimilar welding, which is inherently more 

difficult than similar welding due to the physicochemical and mechanical mismatches 

between the base materials and the filler metal, when used. The initial objective of this

work was to study some dissimilar welds between high strength and ultra high strength

steel, austenitic and duplex stainless steel, as well as between aluminium and Zn-coated 

steel, and the influence of process parameters and/or consumables. Selection of material

grade, welding process and parameters and consumables is an extremely demanding task 

that involves comprehensive study of previous research work, and even trial and error, to

reach an acceptable weld quality. 

The experimental results and literature review demonstrated the significance of the

welding process variables and consumables for the microstructural and mechanical

characteristics of the weld. It is clear that in real world welding operations and design of

welded structures, such time-consuming prior studies and trial work is not sustainable and

would cause considerable increase in the production cycle time and cost of products. On

the other hand, it is not reasonable to expect that all designers have the requisite 

metallurgical, mechanical and cost know-how.  

The main objective of this work is to introduce a systematic and improved design 

procedure and decision-making method with a built-in expertise feature that can provide 

highly reliable solutions for critical welding operations that need similar or dissimilar

welding. To enhance and expedite decision making in selection of the material, welding

process and filler metal, the CE concept and an adapted DFMA methodology for 

weldment design were employed that can provide significant assistance to designers,

since the weldability aspects, and mechanical and cost properties are imbedded in the 

decision-making method.  

The proposed method could be especially effective in dissimilar welding practices, where

the selection of materials is more intricate and involves the use of multiple materials often 

having a high mismatch in mechanical and metallurgical properties. A further objective 

was to make the method readily implementable and applicable in companies dealing with 

weldment design. To this end, an approach was proposed for integration of the introduced

application-based method with design and manufacturing tools commonly found in 

companies using product data management (PDM) systems. The applicability of the 

DFMA-based approach to companies’ production through integration with PDM systems 

is the main advantage of the proposed method from a practicality aspect.  
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Overview of the work 

In this dissertation, a number of dissimilar welds of industrial significance are studied as 

regards the effect of welding process type, variables, and consumables. The studied 

dissimilar welds are: GMAW of austenitic stainless steel and structural steel, laser overlap 

welding of Zn-coated steel and aluminium, and GMAW of a novel combination of direct-

quenched ultra high strength steel and duplex stainless steel using a fully austenitic filler 

metal. In addition, the study outlines an application-based method that is based on the CE 

concept and utilization of the DFMA strategy. Furthermore, an approach is proposed for 

integration of the introduced application-based method with design and manufacturing

tools commonly found in companies using product data management (PDM) systems.

The proposed approach can also be used in conjunction with a material database of CAD

applications as well as manufacturers' PDM software to enhance the reliability of

weldments design and expedite decision-making, as its use by designers requires only

minimal welding and metallurgy knowledge. The usability of the application-based

method is illustrated with a demo application developed for the purposes of this study and 

as a proof of concept. The built-in expertise of the approach can increase the reliability

of the solutions proposed for selection of materials and filler metals.  

Impact on society and the environment 

This study describes a novel decision-making method for selection of welding materials,

welding processes and filler metals. The method aims to provide reliable solutions for

welding operations. The method is of particular significance to welding applications in 

sensitive areas where failure in design and manufacture can lead to expensive rework or 

have catastrophic effects on the environment or human lives. Successful implementation

of the model would result in optimal solutions for critical welding applications with

improved reliability and manufacturability. The study can also increase manufacturing 

efficiency by reducing the cycle time of welded products and decreasing the risk of failure

at the manufacturing stage or while in service. More reliable and safer welded structures 

will boost industry and infrastructure development and extend the range of industrial

applications in which welding can be used.  

Offshore Offshore construction, including offshore wind power generation, and oil and

gas exploration are among the sensitive applications the can take advantage of

improvements in the reliability of weld design and manufacture. By minimizing the risk 

of catastrophic effects on the environment and human lives, the novel decision-making 

method will enhance sustainable development of modern society. 

Limitation and scope 

The findings, conjectures and conclusions of the current dissertation are limited to the

base materials, welding process, variables and filler materials that are studied. 

Nevertheless, they provide a basis for study of other materials and processes, and indicate 

possible approaches and metallurgical considerations for other dissimilar welds. 
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The usability of the DFMA-based approach is illustrated for selection of the base metals 

and filler metals of an offshore application and an Arctic application. Because of limited 

resources, characterization of the complete database to cover all the guidelines related to 

process parameters, joint and design standards and specification and qualification tests 

was not feasible within the scope of the current study. Hence, selection of the process and 

process variables were excluded from the exemplification. For the specific examples 

considered in this work, the proposed model offers easier and faster selection of material 

and filler metals and empowers designers to expeditiously assess different material and 

filler metal options. However, further studies are required to evaluate the efficacy and 

validity of the model for other applications in terms of selection of materials, welding 

processes and filler metals, as well as design reliability and manufacturability. 
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 State of the art of the DFMA-PDM integrated model 

The success of a DFMA strategy relies on the effective distribution of data within the 

multidisciplinary product development teams involved. Streamlined data distribution can 

be obtained by integrating DFMA with product data management (PDM) systems that are 

used to organize, access, and control product data as well as to manage the life cycle of 

products (Gascoigne, 1995). Many researchers have studied the possibility of 

incorporating DFMA into welding operations (LeBacq et al., 2005) (Lovatt and Shercliff, 

1998) (Maropoulos et al., 2000) (Kwon, Wu and Saldivar, 2004) (Niebles et al., 2006). 

However, the potential of an integrated PDM and DFMA for welded structures has yet to 

be presented.  

Maropoulos et al. (Maropoulos et al., 2000) investigated a computerized aggregate 

process planning system for DFMA analysis of weldment assembly design. The model 

discussed utilized design attributes such as geometry, orientation, joint class and weld 

features to assess fabrication constraints. A drawback to this approach can be the 

complexity of assigning multiple attributes to diverse super- and sub-classes of assembly 

components.  

LeBacq et al. (LeBacq et al., 2005) developed a computer based DFMA model for 

selection of an applicable joining process for a specified design. In their model, they 

implemented a task-based approach (Lovatt and Shercliff, 1998) that uses a series of 

questionnaires about joint specifications, geometry and material to narrow down the 

available options of joining methods to the most suitable one. The predefined questions 

are simple and manageable by non-expert users. Nonetheless, oversimplification, 

especially in terms of material characteristics, may sometimes lead to non-optimal 

solutions.  

Kwon et al. (Kwon, Wu and Saldivar, 2004) developed a numerical model integrated with 

a commercial CAD program to determine welding process parameters for maximum 

productivity congruent with joint geometry. Their approach computes the weld bead 

cross-section according to structural constraints designated by standards for fillet welds 

to determine the welding process parameters required to deposit the weld bead with 

maximum travel speed. The model is practicable for sheet metal thicknesses up to 6.4 mm 

to be joined with a single pass fillet weld. This approach can be useful for assessment and 

alterations of the design to attain effective solutions at the initial stage of the design. 

However, the applicability of the derived production welding parameters remains 

questionable due to the geometric deviations that real parts usually have from the CAD 

source model, and also due to the simplifications that generally exist in the model 

algorithm when compared with actual welding practice. Additionally, the derived 

parameters for maximum heat input might not always result in a workable solution 

because of the adverse effects on the mechanical properties of the heat affected zone 

(HAZ).  
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Niebles et al. (Niebles et al., 2006) developed a DFMA procedure for welded products 

using a wide range of factors involved in the design and product development stages. 

Their approach can be used for different welding operations when combined with related 

standards and codes and a heuristic knowledge base. However, their model remains 

mainly theoretical since the connection to the required actions in design and welding 

practice is not explicitly defined. 

This study uses the concept of CE to facilitate and improve the design process of welded 

structures, especially complex structures and dissimilar welds, where different design 

teams are involved and great caution in design and manufacturing is required. To achieve 

these targets, the traditional DFMA model was modified to enable improved usability for 

structural welding applications. In this revised model, welding is considered as a discrete 

design module that can be integrated with the PDM database. The model expedites the 

decision-making process by employing an application-based selection approach that 

provides the designers with a permitted list of materials and welding procedures 

specifications (WPS) together with brief data and analysis to guide the designer to find 

an optimal solution. The model can be usable for many similar and dissimilar welded 

structures on condition that pertinent database and DFMA rules and guidelines are 

provided for the application. The built-in expertise feature of the application-based 

selection method makes the model practicable for designers with limited knowledge of 

welding and metallurgy. The model can potentially be customized with a unified interface 

for companies' PDM for storage and smooth distribution of data between the design teams 

involved. The model also has the potential to be used conjointly with the material database 

of CAD tools to assist designers in reliable material selection for welded structures. 
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 Experimental results and literature review 

 Dissimilar GMAW of S 355 MC and AISI 304 L 

The combination of austenitic stainless steel (ASS) and low alloy structural steel offers 

desirable mechanical properties, good formability and weldability, resistance to stress 

corrosion cracking and other forms of corrosion (Hasçalik, Ünal and Özdemir, 2006), 

along with fairly cost-effective (Lippold and Kotecki, 2005; Arivazhagan et al., 2012) 

manufacturing methods (Nascimento et al., 2001; Arivazhagan et al., 2011). Due to these 

advantageous characteristics, such combinations of metals are extensively used in the 

power generation industry (Shushan, Charles and Congleton, 1996), as well as in 

petrochemical plants and buildings (Celik and Alsaran, 1999; Missori and Koerbe, 1997; 

Fuentes et al., 2011).  

A range of metallurgical concerns are associated with dissimilar welding of ASS to low-

alloy structural steel. Martensite formation on the ferritic side of the weld interface and 

the risk of hot cracking in fully austenite microstructure on the austenitic side are the main 

concerns in this kind of weld (DuPont, Kiser and Lippold, 2009).  

The ferrite number (FN) is another consequential aspect in the dissimilar metals welding 

of ASS to low-alloy structural steel. Ferrite can favourably reduce the tendency of 

cracking in the weld. However, excessive amounts of ferrite have a detrimental effect on 

corrosion resistance and mechanical properties (ASME Boiler and Pressure Vessel 

Committee, 2007). The amount of ferrite can to some extent be regulated by careful 

selection of the filler metal composition and control of substrate dilution (SUN and ION, 

1995) (Du Toit, 2002). The aim is to obtain a fusion zone with austenitic structure and a 

small amount of ferrite, which is a microstructure that reduces the chance of weld 

solidification cracking (Lippold and Kotecki, 2005). Solidification behaviour and ferrite 

content can be affected by the welding process and welding parameters due to variations 

in heat input and solidification speed (Brooks and Lippold, 1993). 

With GMAW welding of ASS and ferritic steel, the effect of torch weaving in relation to 

the filler material of the dissimilar weld has not yet been explicitly studied. This section 

concentrates on evaluating the effect of different welding wire compositions and 

implementation of the weaving technique on dissimilar welds of AISI 304 L to S 355 MC 

low alloy structural steel. 

  Experimental Procedure 

S 355 MC structural steel and AISI 304 L austenitic stainless steel were used to produce 

fillet weld joints using three different filler wires, namely, Esab OK Autrod 16.54 

(EOA16.54), Esab OK Autrod 16.55 (EOA16.55), and Elga Cromarod 316LSi 

(EC316LSi). These three filler wires were used to weld the base materials (5 mm thick) 

with a robotised GMAW process using either stringer or weave (3Hz) bead technique. A 
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shielding gas mixture of 98 % Ar + 2 % CO2 with a constant flow rate of 16 l/min was 

used for welding all the samples. The cross-sections of the weld specimens were polished 

(1 μm) and etched for the metallographic inspections. The material specifications and the 

process parameters are presented in Tables 1 and 2. The weld metals are denominated 

with the last number of the building filler wire code plus “W” when weaving was used; 

for instance, 16.54 and 16.54W designate weld metal made from EOA16.54 filler wire 

without and with weaving, respectively. 

Table 1. Chemical composition (wt. %) of base materials and welding wires. 

Material C Cr Mn Ni P S Si  N Al Mo Cu 

AISI 304 L 0.025 18 1.57 8.1 0.033 0.002 0.4  0.044 - - - 

S 355 MC 0.12 - 1.5 - 0.02 0.015 0.03  - 0.015 - - 

EOA16.54 <0.03 21.5 1.4 15 - - 0.4  - - 2.7 - 

EOA16.55 <0.02 20.5 1.7 25 - - 0.4  - - 4.5 1.4 

EC316LSi 0.02 18.5 0.7 12 0.02 0.02 0.8  - - 2.7 0.1 

Table 2. Welding parameters for dissimilar metal welding: wire diameter (Φ), wire feed speed 

(VW), welding current (I), welding voltage (U), travel speed (v) and heat input per unit length of 

weld (Q). 

Wire Φ (mm) Vw (m/min) Stick-out (mm) I (A) U (V) v (mm/s) Q (KJ/mm) 

EOA16.54 1.2 11.2 20 260 24.5 8.4 0.61 

EOA16.55 1 11.4 17 227 24 7.5 0.58 

EC316LSi 1 11.4 17 227 24 7.5 0.58 

 Overview of the results 

In Figure. 1, the overall dilution rates of the weld metals by the substrates are shown and 

compared. From this figure, it is clear that dilution is less when using the weaving 

technique than the stringer deposit approach. 

 
Figure 1. Overall dilution of the deposited weld by substrates. 



3.1 Dissimilar GMAW of S 355 MC and AISI 304 L  25 

The ferrite number was measured using a ferritescope. Figure 2 shows a comparison of 

the measured ferrite numbers and the predicted ferrite content from the Schaeffler 

diagram (Schaeffler, 1948). A noticeable point of interest in Figure 2 is the higher FN 

found in weldments made using the same filler wires but with the weaving method. One 

possible explanation may be that faster solidification occurs, because weaving spreads 

the heat away from the arc and deposits metal over a less concentrated area (Yongjae and 

Sehun, 2005; Klimpel et al., 2007). 

 
Figure 2. Ferrite number measured for different weldments and predicted from the Schaeffler 

diagram (Schaeffler, 1948). 

The connection between solidification behaviour and Creq/Nieq was established by Suutala 

and Moisio (Suutala and Moisio, 1983; Brooks and Lippold, 1993). Figure 3 shows the 

composition of the welding wires superimposed on the Suutala and Moisio diagram 

(Suutala and Moisio, 1983) using the presented coefficients of Nieq and Creq. The Nieq and 

Creq delineate the solidification mode reliably for most conventional 300- series alloys 

welded under normal arc-welding conditions (Brooks and Lippold, 1993). The diagram 

outlines the four solidification modes as follows: single-phase austenite (Type-A), 

primarily austenitic with a minor fraction of eutectic ferrite (Type-AF), primary ferrite 

with peritectic/eutectic solidification of austenite (Type-FA) and single-phase ferrite 

(Type-F) (Brooks and Lippold, 1993). From the diagram, the predicted solidification 

mode for EOA16.55 is Type-A, and for both EOA16.54 and EC316LSi, it is Type-FA. 
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Figure 3. Composition of welding wires plotted on the Suutala and Moisio diagram (Suutala and 

Moisio, 1983). 

 

As can be seen from the micrographs shown in figures 4-9, on the austenitic side of the 

weld interface the solidification mode was FA for 16.54W, 316LSi, and 316LSiW. While 

Type-AF was noticed for 16.54 and Type-A was apparent for both 16.55 and 16.55W. On 

the ferritic side of the weld, Type-FA solidification was found for all the weld samples, 

except for 16.55W, which presented Type-A solidification.  

As can be inferred from the results, no clear relation between the welding technique and 

solidification mode can be discerned. Moreover, it is clear from the optical micrographs 

that the observed solidification modes for all the samples, except for 16.54, are quite 

consistent with the predictions derived from the Suutala and Moisio diagram. 
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Figure 4. Optical micrograph of the weld zone: interfaces between the weld and base metals a 

16.54 and AISI 304 L, b 16.54 and S 355 MC (Tasalloti, Kah and Martikainen, 2014). 

 
Figure 5. Optical micrograph of the weld zone: interfaces between the weld and base metals a 

16.54W and AISI 304 L, b 16.54W and S 355 MC (Tasalloti, Kah and Martikainen, 2014). 

 

Figure 6. Optical micrograph of the weld zone: interfaces between the weld and base metals, a 

16.55 and AISI 304 L, b 16.55 and S 355 MC (Tasalloti, Kah and Martikainen, 2014). 
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Figure 7. Optical micrograph of the weld zone: interfaces between the weld and base metals a 

16.55W and AISI 304 L, b 16.55 W and S 355 MC (Tasalloti, Kah and Martikainen, 2014). 

 

 
Figure 8. Optical micrograph of the weld zone: interfaces between the weld and base metals, 316 

LSi and both AISI 304 L and S 355 MC (Tasalloti, Kah and Martikainen, 2014). 

 

 
Figure 9. Optical micrograph of the weld zone: interfaces between the weld and base metals, a 

316LSiW and AISI 304 L, b 316LSiW and S 355 MC (Tasalloti, Kah and Martikainen, 2014). 

The microhardness across the welds was measured using a digital Vickers microhardness 

tester. All hardness indents were made with 500-g force (4.905 N). Figure 10 presents a 
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comparison of the evaluated hardness values for welds made with and without the use of 

weaving. For all the specimens, the hardness of the fusion zone is inferior to that of the 

AISI 304 L base steel, with some exceptional points. The lower hardness can be ascribed 

to the presence of a higher amount of a strong austenite stabilising elements such as Ni 

and Mn (Das et al., 2009). 

For 16.54, 16.54W, 16.55 and 316LSi, there is a prodigious increase in hardness on the 

ferritic side adjacent to the weld interface, which can be indicative of martensite 

formation, as seen from Figure 10a and 10b. These results are in agreement with the 

observed martensitic layer on the ferritic side of the fusion zone interfaces, seen from the 

optical micrographs shown in Figure 4 and Figure 6-9. It can be expected that the higher 

hardness values of the fusion zone correspond to higher ferrite contents of this zone. As 

can be seen from the hardness profiles, hardness values are highest for 316LSi, 16.54 and 

16.55, respectively, both with and without the use of weaving, which is as would be 

expected from the measured ferrite numbers in Figure 2. 

 
Figure 10. Comparison of hardness distribution along the weld metals with (a) stringer and (b) 

weave bead, the vertical dotted lines represent the weld centrelines (Tasalloti, Kah and 

Martikainen, 2014). 

 Factors affecting corrosion resistance 

Austenitic stainless steels (ASS) have excellent resistance to different forms of corrosion. 

However, material properties of weldments of these steel grades can be considerably 

inferior to those of the base metal. In general, the heat affected zone is the most critical 

region, because of variations in microstructure caused by the welding heat cycle. With 

regard to dissimilar welds of ASS and structural steel, the fusion zone characteristics 

should be taken carefully into consideration when assessing the corrosion resistance of 

the weldment. In such welds, the resultant chemical composition of the fusion zone is 

related to the dilution level of the filler metal and base metals. Generally, a microstructure 

made of austenite plus δ-ferrite is expected for the fusion zone. However, the proportion 

of δ-ferrite and the microstructure morphology may vary significantly depending on the 

degree of mixing between the filler and base metals, and the percentage of ferritizing and 

austenitizing elements, as well as the cooling rate. Degradation of ASS weldments can 

make them susceptible to different forms of localized corrosion, such as pitting corrosion, 
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crevice corrosion, and intergranular corrosion (IGC). Most of these defects have been 

found to be related to sensitization of austenitic stainless steels from heat treatment or use 

in a high-temperature environment. Sensitization of austenitic stainless steel leads to 

precipitation of Cr-rich carbides at or near the grain boundaries. Cr-rich carbides also 

contain molybdenum, and thus a depletion of Cr+Mo occurs in the grain boundary region 

during sensitization. When sensitized ASS is exposed to a corrosive environment, IGC 

occurs on the Cr-depleted regions (Ziętala et al., 2016) (Ghorbani et al., 2017) (Silva et 

al., 2013) (Unnikrishnan et al., 2014) (Ramkumar et al., 2016). 

 Factors affecting fatigue strength 

Austenitic stainless steels exhibit high strength, high ductility and excellent fracture 

toughness even at cryogenic temperatures. However, the integrity and fatigue 

performance of welded ASS can be reduced considerably by the presence of weld metal 

defects such as porosity, undercut, incomplete fusion and slag inclusion (J et al., 2001). 

Martensite formation on the ferritic side of the dissimilar weld interface between ferritic 

steel and ASS can considerably reduce the fatigue strength of the weld metal and the 

initiation time of cracks and can increase the crack growth rate under cyclic loading. 

Formation of the martensitic layer is dependent on the chemical composition of the filler 

and base metal and the degree of mixing between them, as well as carbon diffusion from 

the ferritic steel to the weld metal (Al-Haidary, Wahab and Salam, 2006).  

Some studies show that sensitization of ASS and formation of brittle intermetallics can 

also adversely affect fatigue strength. To avoid premature failure, some researchers 

suggest thermal treatment to dissolve the martensitic structure (Fuentes et al., 2011) 

(Vach et al., 2008). In general, low heat input and less dilution of weld metal from the 

ferritic side can be beneficial for prevention of the appearance of a martensitic layer on 

the weld interface (Cortie, Fletcher and Louw, 1995). 

It has been shown in the literature that a small percentage of δ-ferrite in the weld metal 

can be beneficial for minimizing the susceptibility of ASS weldments to microfissuring 

during cooling and upon solidification. Generally, formation of δ-ferrite is dependent 

mainly on Ni and Cr equivalents present in the weld metal and the cooling rate (Dadfar 

et al., 2007).  

Another factor affecting the crack propagation characteristics are residual stresses 

introduced by the welding process. The residual stresses within a weldment are a 

consequence of restrained contraction of the weld metal as it solidifies and cools down to 

ambient temperature. If fatigue cracks encounter a region of residual tensile stresses, the 

rate of crack propagation increases (Al-Haidary, Wahab and Salam, 2006) (Cortie, 

Fletcher and Louw, 1995). 
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 Dissimilar laser welding of Zn-coated steel and aluminium 

Galvanised steels have been extensively used in exposed car body panels to increase 

corrosion resistance (Thomy, Seefeld and Vollertsen , 2005) (Milberg and Trautmann, 

2009). Currently, laser butt and lap welding of Zn-coated steels are widely used in the 

automotive industry for tailored blanks and patchwork blanks (Chen, Ackerson and 

Molian, 2009) (Ding et al., 2006). Tailor welded blanks (TWBs) are made of two or more 

sheet metals of different thicknesses, shapes, mechanical properties and/or coatings that 

are butt-welded together prior to forming (Mäkikangas et al., 2007) (Merklein et al., 

2014). Another type of tailored blank is the patchwork blank, which is commonly used 

for local reinforcement purposes in auto-body structures. A welded patchwork blank is 

made of one or more pieces of reinforcing sheet metal (patches) lap-welded onto the 

mainsheet. Currently, laser welding is the most commonly used welding process for 

TWBs and welded patchwork blanks (Mäkikangas et al., 2007) (Merklein et al., 2014). 

CO2 and Nd:YAG lasers are traditionally the welding processes used for TWB 

applications (Reisgen et al., 2010). However, over the past few years, fibre lasers have 

become the leading choice for welding applications because of their high power, excellent 

beam quality and high energy efficiency (Eva and Joaquín, 2012) (Duley, 1999) 

(Vollertsen, 2005). Local reinforcement of aluminium with laser-welded patches of Zn-

coated steel can effectively contribute to improved crashworthiness and durability, and 

weight reduction of car body parts. The vaporisation of Zn due to its low boiling 

temperature (906 °C) is the main issue reported for the laser welding of galvanised steel. 

The vaporisation is particularly problematic in lap joint setups because of the restriction 

of Zn vapour venting (Reisgen et al., 2010) (Milberg and Trautmann, 2009) (Li, Lawson 

and Zhou, 2007). The intense pressure of Zn vapour within the keyhole can cause an 

unstable and violent flow of the melting pool, resulting in the formation of cavities, spatter 

and craters (Chen et al., 2011) (Amo et al., 1996) (Dasgupta and Li, 2007). The laser 

welding of Zn-coated steel to Al has been studied by a number of researchers (Milberg 

and Trautmann, 2009) (Tzeng, 2000) (Fabbro et al., 2006). However, it is still very 

difficult to achieve a defect-free and high-strength weld. In addition to Zn vaporization, 

difficulties arise from differences in the thermophysical properties of the two base metals 

and the formation of brittle intermetallic compounds (IMCs) because of the poor 

miscibility and solubility of steel and aluminium (Tasalloti, Kah and Martikainen, 2015).  

In the next section, the aforementioned processing problems are explained further and 

their effects on weld quality and strength are discussed. Additionally, an overview of the 

approaches proposed by different researchers to minimize the adverse effects of the pre-

mentioned challenges and improve the strength and quality of welds between galvanized 

steel and Al alloy is presented (Tasalloti, Kah and Martikainen, 2015). 

 Applied techniques to reduce defects related to Zn vaporization 

Different approaches have been put forward in the literature to decrease the porosity 

occurring in laser lap welding of Zn-coated steels. Amo et al. (Amo et al., 1996) suggested 

keeping a gap between the surfaces to be welded to let the evaporated Zn vent out from 
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the gap. They reported a defect-free weld, without any cracks or porosities, when using a 

gap opening up to 0.1 mm. Chen et al. (Chen et al., 2011) tried use of double pass laser 

welding with a defocused beam. Welding was performed in the first pass with a focused 

laser beam. Subsequently, a defocused beam was utilized for the second pass. Double 

pass welding was performed using either Ar or N2 as the shielding gas. The study reported 

an unstable weld pool and spatter was observed with both the Ar and N2 gases. According 

to the findings reported, utilization of a second pass weld with a defocused laser beam 

refined and improved the weld appearance, shown in Figure 11. 

 
Figure 11. Comparison between weld appearances produced from (a) a single pass and (b) double 

pass fibre laser welding with N2 shielding gas, (first pass welding parameters: 650 W, 100 mm/s, 

f.p.p. of 0 mm, second pass welding parameters: 200 W, 75 mm/s, f.p.p. of +2 mm) (Chen et al., 

2011). 

A greater risk of porosity has been found to exist when a higher density gas is applied, 

because the gas is more likely to become trapped in the keyhole and within the fusion 

zone after solidification (Katayama et al., 2009). However, Chen et al. (Chen et al., 2011) 

reported porosity and cracking in welds made with double pass laser welding using either 

N2 or Ar gas without any perceivable relation between the type of gas applied and the 

porosity found in the weld samples, as can be seen in Figure 12. 
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Figure 12. Backscattered electron image of the cross-section of the weld made using laser double 

pass welding with (a) Ar gas and (b) N2 gas, (first pass welding parameters: 650 W, 100 mm/s, 

f.p.p. of 0 mm, second pass welding parameters: 200 W, 75 mm/s, f.p.p. of +2 mm) (Chen et al., 

2011). 

Ma et al. (Ma et al., 2014) examined two-pass laser welding for welding a lap joint 

between Zn-coated high-strength steel and Al alloy. In their approach, a defocused laser 

beam is applied in the first pass to preheat the components and to partially melt and 

vaporize the Zn coating of the galvanized steel sheet. Then, in the second pass, the 

welding is performed using a focused beam. They reported a defect-free laser welded lap 

joint with partial penetration produced by the use of two-pass laser welding. In addition, 

they stated that the process was very stable and almost no spatter, crack or blowholes 

were present in the welds. 

 Applied techniques to reduce intermetallic compounds 

As noted earlier, a significant concern in welding of Al and steel is the formation of brittle 

Fe–Al intermetallic compounds (IMCs) within the fusion zone as a result of poor solid 

solubility of the Fe element in Al (Torkamany, Tahamtan and Sabbaghzadeh, 2010) 

(Sierra et al., 2007) (Meco et al., 2013). IMCs are composed of ductile Fe-rich and brittle 

Al-rich phases. FeAl and Fe3Al are Fe-rich phases, whereas Al-rich phases include FeAl2, 

Fe2Al5, FeAl3, and Fe4Al13 (Lee and Kumai, 2006) (Rathod and Kutsuna, 2004) 

(Katayama et al., 2005). Brittle Al-rich IMCs are a cause of concern, because they have 

a detrimental effect on the mechanical performance of the weld and can instigate cracks 

within the fusion zone (Meco et al., 2013).  

Ozaki et al. (Ozaki et al., 2010) suggested laser roll welding to diminish the deleterious 

effects of IMCs. This process combines a CO2 laser and a roller compressing the frying 

surfaces of the Al alloy and Zn-coated steel to be welded. The motivation behind this 

technique is to minimize the formation of brittle IMCs by shortening the heating cycle 

and enhancing the heat transfer rate between the contacting surfaces under pressure. The 

study reported production of a weld with a maximum shear strength of 162 N/mm when 
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the welding speed was 8.3 mm/s and the roller pressure was set to 150 MPa. It was noticed 

that the shear strength declined when the thickness of the IMC layer exceeded 10 μm.  

Meco et al. (Meco et al., 2013) evaluated the use of fibre lasers for the conduction welding 

of Al to Zn-coated steel in overlap configuration. They reported that using conduction 

mode laser welding enabled them to control the heat input and thereby control IMC 

formation. They also stated that improved shear strength in welds of the Zn-coated steel 

and Al was achieved when a higher energy density was utilized, as shown in Figure 13. 

This finding appears to be inconsistent with the assumption that higher heat input can 

increase the formation of IMCs and cause degradation in the mechanical strength of the 

weld (Chen et al., 2011). It was concluded that mechanical strength is not solely 

dependent on the thickness of the IMC layer. Instead, a combination of the intermetallic 

layer thickness and its composition, the orientation of the IMCs, as well as bonding and 

diffusion between the elements can affect the mechanical strength of such welds (Meco 

et al., 2013). 

 
Figure 13. Shear strength of a laser welded lap joint between low-carbon galvanized steel and 

AA2024 aluminium alloy using fibre laser (spot diameter: 13 mm, power density: 4.52 kW/cm2, 

(a) travel speed: 0.3 m/min, (b) travel speed: 0.45 m/min) (Meco et al., 2013). 

Chen et al. (Chen et al., 2011) reported a substantial decline in IMCs formation as a result 

of using N2 shielding gas in the fibre laser welding of Zn-coated steel on Al alloy. They 

stated that a higher shear strength was obtained with N2 gas than with Ar, observable in 

Figure 14. They also noticed lower variations in hardness in the fusion zone when N2 gas 

was used, which can also imply less IMCs formation. The more even hardness profile 

may be associated with the higher thermal conductivity of N2 compared to Ar, which may 

result in an increased cooling rate of the melt pool during laser welding. The increased 

cooling rate can restrict the extent of heat flow and diffusion activity in the melt pool. 

Hence, the base materials will be mixed to some degree and the growth of IMCs will be 
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obstructed, resulting in a more even hardness distribution and also improved shear 

strength (Borrisutthekul et al., 2007). The reactivity of N2 plasma with Al is reported in 

the literature (Borrisutthekul et al., 2007) (Katayama et al., 2009) (Visuttipitukul , Aizawa 

and Kuwahara, 2003) to be beneficial in reducing the extent of Al-rich intermetallic 

phases, particularly in laser keyhole welding. The reaction between the vaporized Al and 

ionized N2 can lead to the formation of aluminium nitride (AlN), which can substitute the 

Fe–Al intermetallics. Ma et al. (Ma et al., 2014) found that too much heat input during 

preheating can entirely remove the Zn-coating, which makes the weld prone to the 

formation a Fe–Al layer. They also claimed that the existence of Zn in the IMCs could 

improve the strength of the welded lap joint of Zn coated steel and Al. It was further stated 

that lower heat input during the welding process can result in higher shear strength.  

 
Figure 14. Comparison between the effect of Ar and N2 shielding gases on the shear strength of a 

laser welded lap joint of Zn-coated steel (DX54) and Al alloy (5754), using either single pass or 

double pass fibre laser welding (first pass welding parameters: 650 W, 100 mm/s, f.p.p. of 0 mm, 

second pass welding parameters: 200 W, 75 mm/s, f.p.p. of +2 mm) (Chen et al., 2011). 

 Applied techniques for improved corrosion resistance 

Corrosion resistance is an essential requirement of welded joints between Zn-coated steel 

and Al. The corrosion resistance of the weld can be adversely affected by 

microsegregation, the growth of intermetallic phases, loss of Zn due to vaporization, and 

weld defects (Kodama et al., 2010) (Kwok et al., 2006). The degradation of corrosion 

resistance can occur within both the fusion and heat affected zones, due to intergranular 

corrosion and segregation or growth of a secondary phase (Chen et al., 2011) (Kwok et 

al., 2006) (E. Ghali, V. S. Sastri and M. Elboujdaini , 2007). It is known that inert gases 

with a higher density can provide more effective protection against oxidation and loss of 

alloying elements over the melt pool (Chen, Ackerson and Molian, 2009), and it has been 

reported that weld samples made with Ar shielding gas exhibit better corrosion resistance 
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than those made with N2 gas (Chen et al., 2011). This finding may be due to the higher 

density of Ar, which means that the Ar more effectively protects the base metals against 

oxidation (Chen et al., 2011). In general, prevention of weld defects and better 

smoothness of the weld surface can contribute to improvement in the corrosion resistance 

of the weld (Chen et al., 2011) (Yan, Yang and Liu, 2007) (Kwok et al., 2006). 

 Factors affecting fatigue strength 

The fatigue performance and fracture behavior of laser welding of Zn-coated steel to 

aluminum suffers from several defects caused by differences between the thermal, 

physical, and chemical properties of aluminum and steel. Hot cracks, porosity, and 

incomplete fusion are some of the defects found with such welding processes. The very 

low miscibility between aluminum alloys and steels leads to the formation of a variety of 

hard and brittle Fe-Al intermetallic compounds, which can severely decrease the plasticity 

and toughness properties of the weld joint. The poor metallurgical compatibility in the 

weld is further aggravated by large differences in thermophysical properties. The thermal 

conductivity and thermal expansion rates of aluminum and steel are very different, which 

leads to the development of significant thermal stresses during welding. These stresses 

give rise to complex residual stresses in the final weldment at room temperature, which 

have a great influence on fracture strength and fatigue failure. Moreover, due to the 

considerable difference in the density of aluminum and steel (aluminum is 2.69 g/cm3 and 

steel is 7.8 g/cm3) aluminum liquid can float on the melted steel during welding, which 

produces a macro-scale segregation at the surface of the steel and substantially degrades 

the mechanical properties of the weld joint. It should further be noted that aluminum is 

very active chemically and reacts quickly with oxygen to form an adherent Al2O3 film on 

the surface of the aluminum. During welding, the Al2O3 film can cover the surface of the 

molten pool and impede the flow and coalescence of the melted metals, which can create 

slag in the weld and can significantly impair the mechanical properties of the weld joint. 

In addition, aluminum oxide, which has a very high melting point of 2050 °C, on the 

surface of the base metal readily absorbs moisture. During welding, the vaporized 

moisture in the weld zone is decomposed into hydrogen and oxygen and the hydrogen 

can create porosity in the weld. Zn vapor is another well-known source of instability and 

the formation of porosity in the weld. The aforementioned IMCs formation and defects 

tend to embrittle the weld joint and increase the crack propagation rate (Wang et al., 2016) 

(Yang, Li and Zhang, 2016) (Sierra et al., 2008). 

 Dissimilar GMAW of Optim S 960 QC and UNS S32205 

Direct-quenched (DQ) ultra high strength steel (UHSS) is a rather new development that 

combines lower production cost and excellent engineering properties compared to 

traditional quenched and tempered (QT) grades (Xiao et al., 2010) (Hwang et al., 1998). 

Knowledge of the weldability of UHSS DQ in similar and dissimilar configurations is a 

prerequisite to enable full exploitation of the promising features of this new steel grade 

in a wide range of weldment designs where resistance to intense load and suitability for 
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demanding service conditions are required. The mechanical features and fracture 

behaviour of welded UHSS DQ have recently become the focus of much research 

(Farrokhi, Siltanen and Salminen, 2015) (Guo et al., 2015) (Wallin et al., 2015) (Siltanen, 

Tihinen and Kömi, 2015) (Nykänen, Björk and Laitinen, 2012) (Dabiri et al., 2016) (Kah 

et al., 2013). In contrast to similar welding of UHSS DQ, which has been the subject of 

several studies in the literature, dissimilar welding of this grade has received little 

attention (Tasalloti, Kah and Martikainen, 2017). 

In many welding applications, dissimilar combinations of metals is desirable for 

economic reasons. The dissimilar welding of ferritic steels and stainless steels has been 

of great significance in numerous fields of industry. Of the stainless steels currently 

available, duplex grades offer good mechanical properties together with excellent 

resistance to different forms of corrosion at a moderate price compared to high Ni grades 

(Tucker, Miller and Young, 2015). 

The excellent mechanical characteristics and competitive cost of UHSS DQ and DSS 

grades, together with the superb corrosion resistance of DSS, suggest that dissimilar 

welds of these grades have considerable potential for many contemporary industrial 

applications, such as transportation, offshore and lightweight structures, as well as for 

novel applications requiring a combination of excellent mechanical properties and good 

corrosion resistance where cost and weight are major concerns. However, dissimilar 

welding of direct-quenched UHSS and DSS has not been widely studied and the 

weldability of such a dissimilar weld in terms of microstructure and mechanical 

performance is not sufficiently well understood. Further work is thus necessary to develop 

comprehensive understanding of the weld metallurgy and characteristics of such 

combinations as regards appropriate welding process parameters and welding 

specifications. In such dissimilar welding, selection of the welding parameters is complex 

because of a need for consideration of effects resulting from the special characteristics of 

each parent metal. The practical complexity can increase further when filler metal of a 

dissimilar composition to the base metals is used. 

With UHSS, regardless of the specific welding process and alloy used, major documented 

problems include: heat affected zone (HAZ) cracking, HAZ softening, and deficient 

toughness and ductility (Hernandez, Nayak and Zhou, 2011) (Wang et al., 2016) 

(Farrokhi, Siltanen and Salminen, 2015). The aforementioned defects are generally 

caused by inappropriate heat input and cooling rate, which lead to the formation of coarse 

grains and changes in the proportion of ductile to brittle morphologies in the 

microstructure of the HAZ and fusion zone (Wang et al., 2016) (Roshanghias et al., 2010) 

(Guo et al., 2015). 

With DSS, degradation of mechanical performance and corrosion resistance are the 

principal issues presented in the literature. These problems generally stem from 

inappropriate heat input and excessive thermal cycles, which can cause disparity between 

the proportion of ferrite and austenite and detrimental precipitations such as sigma (σ), 

chi (χ), and chromium nitride (Cr2N) in the fusion zone and HAZ of DSSs (Ramirez, 
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Lippold and Brand, 2003) (Pardal, Tavares and al., 2010) (Garzón and Ramirez, 2006) 

(Martin et al., 2012). 

The objective of this study reported in Publication VI and Publication VII, is to provide 

new insights and comprehensive understanding of the microstructural, mechanical and 

fatigue behaviour of dissimilar welds of UHSS DQ and DSS steels with respect to heat 

input. To this end, dissimilar welds were made between Optim 960 QC, a commercial 

UHSS DQ grade, and UNS S32205 duplex stainless steel using GMAW with an austenitic 

filler wire and applying three different heat inputs. The study presents detailed analysis 

of the microstructure, chemical composition in the fusion zone, fusion boundaries and 

HAZs as well as mechanical properties and fatigue behaviour of the weld samples for 

three different heat inputs. 

 Materials and welding procedure 

As-received plates of Optim 960 QC ultrahigh strength steel (UHSS) and UNS S32205 

duplex stainless steel (DSS) were machined to dimensions of 350×150×5 mm (ISO 

15614-1) and V-grooves prepared with an angle of 60° in butt joint configuration. The 

root-face and air gap were both zero and removable fiberglass tapes were used for 

backing. Single pass welds were made on the joints using a fully automated GMAW 

machine with three different welding speeds, namely, 7.1 m/s, 8 m/s and 9 m/s. An 

austenitic filler wire, Esab OK Autrod 16.55 (1 mm diameter), was utilized for the welds 

under a constant shielding gas (98 % Ar + 2 % CO2) at a flowrate of 15 l/min. The tip-to-

work (stick out) distance was maintained at 13 mm throughout the entire welding process. 

The chemical composition of the base and filler metals are presented in Table 3. The three 

sets of parameters used for the welding samples are presented in Table 4.  

Table 3. Welding parameters used for the weld samples: Arc current (I), arc voltage (U), welding 

speed (v), wire feed speed (WFS), arc energy (E), and heat input (Q). 

Metal. C Si Mn 
P + 

S 
Al Nb Cu Cr Ni Mo Other 

S 960  .09 .21 1.05 .014 .030 .003 .025 .82 .04 .158 

.002 (B) 

.008 (V) 

.032 (Ti) 

S 

32205 
.015 .39 1.34 .026 – .009 .25 22.59 5.79 3.24 

.130 

(Co) 

.179 (N) 

16.55 .02 .4 1.7 – – – 1.4 20.5 25 4.5 – 

Table 4. Welding parameters used for preparing the samples: Arc current (I), arc voltage (U), 

welding speed (v), wire feed speed (WFS), arc energy (E) and heat input (Q). 

I (A) U (V) v (mm/s) WFS (m/min) E (kJ/mm) Q (kJ/mm) 

257 29.8 7.1 10.6 1.08 0.86 

224 28.7 8 10 0.80 0.64 

204 26.4 9 9 0.60 0.48 
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 Metallurgical and mechanical characterization of weldments 

The weld specimens were cut from the as-welded plates in accordance with EN ISO 

15614-1 for destructive tests. The ferrite number (FN) of the welds was measured using 

a ferritescope device according to EN ISO 8249 standard. Metallography samples were 

polished (final polish with 1 µm diamond paste) and etched in compliance with EN ISO 

17639 standard for microscopic examination of welds and ISO/TR 16060 for etchants. 

The DSS side was etched using a standard Cuprochloric solution 2 (5g CuCl2 + 100 ml 

HCl + 100 ml C2H5OH + 100 ml H2O) and Nital (95 ml C2H5OH + 5 ml HNO3) was used 

for etching the UHSS side. The etching time was 15 s and 30 s for Nital and Cuprochloric 

solution 2, respectively. Both light microscopy scanning and electron microscopy (SEM) 

were used to delineate the microstructural features in the HAZs and welds. 

Vickers hardness tests (HV5) were carried out on the etched samples at room temperature 

using 49.03 N force, in compliance with EN ISO 9015-1 and ISO 6507-1. 

Weld specimens were machined to the geometries recommended by EN ISO 4136, EN 

ISO 5173 and EN ISO 9016 standards for tensile, bending and Charpy impact tests, 

respectively. Tensile tests were performed at room temperature on two sets of samples 

made from each type of weld. Transverse face bending (TFB) and transverse root bending 

(TRB) tests were performed separately on two specimens for each type of weld. The 

Charpy V-notch impact test was performed at -40 °C using a pendulum impact testing 

machine with an impact energy of 150 J. The test was replicated on 6 specimens with a 

notch either on the weld centre or 1 mm offset from the weld centre toward the UHSS 

DQ base metal. In addition, three specimens of each type of weld were machined for 

fatigue testing and the results were analysed according to IIW recommendations 

(Hobbacher, 2016) 

For convenience, the base and filler metals are henceforth referred to as S 960, S 32205 

and 16.55, and the weld samples are named WS 7.1, WS 8, and WS 9, based on the welding 

speed used. 

 Microstructure 

SEM images of the as-received parent metals are shown in Figure 15. The microstructure 

of S 960 comprises fine martensitic-bainitic grains that are formed in the rolling direction, 

shown in Figure 15 (a). The martensitic phase is apparent in the form of pancaked or 

elongated prior austenite (γ) grains in the rolling direction (Muckelroy, Findley and 

Bodnar, 2013). Figure 15 (b) displays a typical DSS microstructure with nearly equal 

elongated lamella of ferritic-austenitic regions. 
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Figure 15. SEM images of as-received parent metals: (a) S 960 containing bainite (B) and 

martensite (M); (b) S 32205 containing nearly parallel lamella of austenite (γ) and ferrite (δ) 

(Tasalloti, Kah and Martikainen, 2017). 

The optical micrographs of the HAZ of the weld samples on the UHSS side at a distance 

of about 1 mm from the fusion boundary are shown in Figure 16 (a) - (c). The 

microstructure has been subjected to significant grain coarsening. Moreover, it appears 

that the amount and proportion of formed morphologies have been to some extent 

influenced by the heat input. For instance, bainitic phase prevails in WS 7.1, while 

martensite dominates in the HAZ of WS 9, as can be seen in Figure 16 (a) and (c) 

respectively. In contrast, bainite and martensite are almost evenly formed in the HAZ of 

WS 8, as seen from Figure 16 (c). 

 

Figure 16. Formation of coarse grains in the HAZ at the S 960 side. Bainite (B) with darker 

appearance can be differentiated from martensite (M). (a) WS 7.1, predominantly bainitic 

morphologies; (b) WS 8, roughly even balance of bainitic and martensitic morphologies; and (c) 

WS 9, predominantly martensitic morphologies (Tasalloti, Kah and Martikainen, 2017). 

Figure 17 shows a time-temperature graph of the HAZ (at 2 and 3 mm distance from the 

fusion line) on the UHSS side, plotted on a continuous cooling transformation (C.C.T) 

diagram of a quenched and tempered steel with nearly matching chemical composition to 

S 960 (Voort, 1991). From the figure, it is evident that with initiation of welding, the HAZ 

heated to temperatures beyond the upper intercritical temperature (AC2), where the 

microstructure, theoretically, mostly transferred to γ. This is followed by rapid cooling 

below the lower intercritical temperature (AC1), at which decomposition of γ started. 

Subsequently, further cooling, down to a temperature of about 550 °C, initiated bainitic 

transformation, which preceded martensitic formation at lower temperatures. As can be 
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seen from the diagram, the bainite start temperature decreases as the cooling rate 

increases. Thus, more bainitic phase can be expected with lower cooling rates, in 

agreement with the observation in Figure 16. Note that the diagram reached a plateau 

above AC2 due to the temperature exceeding the upper-limit of the thermocouples used. 

 

Figure 17. HAZ time-temperature diagram plotted on a C.C.T diagram of a quenched and 

tempered steel of a comparable composition to S 960. Variation of temperature with time as a 

result of welding was measured at distances of 2 and 3 mm from the fusion boundary in the HAZ 

of the S 960 metal (Tasalloti, Kah and Martikainen, 2017).  

The SEM image shown in Figure 18 illustrates details of the HAZ microstructure. In the 

figure, only the HAZ of WS 9 is presented, as the microstructural features were similar 

for all the samples. 

A distinct network of prior-austenite boundaries is visible in Figure 18. Martensitic 

structure is detectable with a characteristic of almost uniform and barely etched plates 

within prior-austenite boundaries. The bainitic phase is composed of dominantly lower 

bainite (BL) and upper bainite (BU) morphology in a lower proportion. The bainitic 

regions featuring laths of lower and upper bainite are indicated on Figure 18. The coarse 

laths of lower bainite generally intersect each other and partition the prior-austenite 

grains, which differentiates them from upper bainite morphology with almost parallel 

laths filling the prior-austenite grains (Guo et al., 2010), as seen in Figure 18. 
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Figure 18. Microstructure of the HAZ on the S 960 side of WS 9. The SEM image shows the 

coexistence of martensite (M), lower bainite (BL) laths (within the region circled with a dotted 

line), and upper bainite (BU) laths within a prior-austenite (γ) grain. Prior-γ boundaries are clearly 

visible (Tasalloti, Kah and Martikainen, 2017). 

The microstructure of the HAZ on the DSS side is shown in Figure19 (a) - (c). The 

eventual microstructure of the HAZ is determined by solid state phase transformations 

from γ to δ and vice versa that occur during welding (Zhang et al., 2005). As can be seen 

in the micrographs, the HAZ has undergone a substantial phase transition in the 

microstructure. The main morphology of γ is grain boundary austenite (GBA), which is 

differentiable by allotriomorphic formations at the prior-δ grain boundaries (Ramirez, 

Lippold and Brand, 2003) (Eghlimi et al., 2015), and which is apparent at the boundaries 

of coarse ferrite grains in Figure 19. The morphology of GBA is better visible in the BSE 

image shown in Figure 20. For S 32205, transformation from γ to δ initiates at a 

temperature around 855 °C and observations in (Palmer, Elmer and Babu, 2004) suggest 

nearly complete decomposition of γ to δ as the temperature exceeds 1350 °C. 

 

Figure 19. Microstructure of the HAZ of S 32205: (a) WS 7.1, (b) WS 8, (c) WS 9. Different 

morphologies of austenite (γ), namely, grain boundary austenite (GBA), Widmanstätten austenite 

(WA) and intragranular austenite (IGA) are discernible in the figure (Tasalloti, Kah and 

Martikainen, 2017). 
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Figure 20. BSE image of the HAZ on the S 32205 side. Different morphologies of austenite are 

seen, namely: grain boundary austenite (GBA), Widmanstätten austenite (WA), and intragranular 

austenite (IGA). Fine etched and coarse etched domains of ferrite (δ) are also detectable (Tasalloti, 

Kah and Martikainen, 2017). 

As can be seen from the cooling rate diagram in Figure 21, the temperature in the HAZ 

(at 2 mm distance from the fusion line) exceeded 1100 °C for a period of less than 10 s, 

which can be considered too short for full ferritization. Subsequently, upon cooling, GBA 

started to nucleate from larger untransformed γ, which shaped the jagged appearance that 

is evident in Figure 20. 

Widmanstätten austenite (WA), another prevalent morphology, nucleates at lower 

temperatures than GBA (Rahmani, Eghlimi and Shamania, 2014). WA forms as needle-

like elongated plates, usually initiating from GBA and extending toward the δ grains 

(Eghlimi et al., 2015), as can be seen in Figure 19 and Figure 20. In addition, some growth 

of intragranular austenite (IGA), dispersed within the δ grains, can be discerned in Figure 

19 and 20. The lattice diffusion of IGA is known to be slower than the allotriomorphic 

growth of GBA and WA. Therefore, IGA will principally grow when enough 

undercooling is available (Eghlimi et al., 2015). As a result, IGA morphology only 

emerged in small amounts in comparison with GBA and WA, as can be seen in Figure 19 

and 20. 

Figure 21 depicts temperature over time for the HAZ (measured at 2 and 3 mm distance 

from the fusion boundary) plotted on a time temperature precipitation (T.T.P.) diagram 

of S 32205 (Voort, 1991). It should be noted that Cr2N can form under both isothermal 

(i.e., the T.T.P. diagram) and cooling conditions (Pettersson, Pettersson and Wessman, 

2015). It is well stablished in the literature that rapid cooling rates can favour precipitation 
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of Cr2N (Ramirez, Lippold and Brand, 2003) (Palmer, Elmer and Babu, 2004) 

(Pettersson, Pettersson and Wessman, 2015) (Hsieh, Liou and Pan, 2001) (Kang and Lee, 

2012) (Hertzman, Ferreira and Brolund, 1997). As shown in Figure 21, initiation of 

welding almost instantaneously heated the HAZ of S 32205 to temperatures beyond 1100 

°C, i.e. temperatures at which degeneration of the austenite into ferrite begins. The DSSs 

are alloyed with nitrogen, which is almost entirely retained in solid solution within the 

austenite, which has much higher nitrogen solubility than the ferrite. Consequently, on 

rapid cooling to temperatures below 1100 °C, the partially or totally ferritized 

microstructure of the HAZ becomes supersaturated with nitrogen (Ramirez, Lippold and 

Brand, 2003). Accordingly, the transformation behaviour will not conform to that of a 

duplex structure but will behave as a metastable nitrogen supersaturated ferrite structure 

with very low solubility of nitrogen, which can lead to competition between Cr2N and 

austenite precipitation (Ramirez, Lippold and Brand, 2003). However, the high 

magnification SEM image of the coarse etched ferritic region in Figure 22 suggests that 

no detrimental precipitations have taken place in this region.  

 

 

Figure 21. Time temperature precipitation (T.T.P.) diagram for S 32205 (Voort, 1991) and 

temperature variation against time in the HAZ of S 32205 (Tasalloti, Kah and Martikainen, 2017).  
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Figure 22. SEM image of the microstructure of coarse etched ferritic sites. No detrimental 

secondary precipitation is detectable in the micrograph (Tasalloti, Kah and Martikainen, 2017). 

The microstructure of the fusion boundary on the ferritic side of the dissimilar weld can 

be seen in Figure 23 (a)-(c). The fusion zone in the figure appears as a fully austenitic 

structure without noticeable formation of ferrite in the interdendritic regions. This can 

indicate a fully austenite (Type-A) solidification mode (Lippold and Savage, 1979). 

However, the EDS analysis, discussed in the next section, revealed ferrite stabilizing 

elements (i.e. Cr and Mo) partitioned into the interdendritic regions in some parts of the 

fusion zone (Figure 29 and 30). Hence, formation of a small percentage of δ in the 

interdendritic regions during the last stage of solidification can be inferred, which further 

suggests a primary austenite (Type-AF) solidification mode (Kujanpää, David and White, 

1986). The correlation of Creq/Nieq and the solidification mode can be noted from a 

schematic of the pseudo-binary diagram (Lippold and Savage, 1979) shown in Figure 24. 

Equiaxed grain growth of austenite in WS 7.1, in contrast with columnar and dendritic 

growth in WS 8 and WS 9, is also conspicuous in Figure 23.  

A prominent feature of the weld metal in Figure 23 (a) and (c) is a narrow unetched 

intermediate zone with a planar solidification. Such a feature is commonly observed at 

the weld interface of austenitic and ferritic steels and is generally identified as martensite 

in the literature (Dupont and Kusko, 2007).  

Figure 23 (b) displays a distinct intermediate zone with a composite structure of base and 

weld metals that characterizes a partially mixed zone (PMZ) (Kou, 2003) (Omar, 1998). 

Both the aforementioned martensitic and PMZ zones are classified as macrosegregation 

in the literature (Kou, 2003) (Kou and Yang, 2007) because the compositions have a 

gradient over a bulky span (100-200 µm), whereas in microsegregation, the compositions 

vary over the span of a dendrite arm or cell spacing (Kou and Yang, 2007). 
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Figure 23. Microstructure of weld metal proximate to the fusion boundary on the S 960 side of 

the weld. (a) WS 7.1, (b) WS 8, and (c) WS 9. The weld metal is characterized as primary austenite 

(AF) solidification mode. Equiaxed grain growth of γ is distinguishable in WS 7.1, which contrasts 

with columnar and dendritic growth in WS 8 and WS 9. Martensitic layers (M) and a partially 

mixed zone are marked on the micrographs (Tasalloti, Kah and Martikainen, 2017). 

 

Figure 24. Schematic of a pseudo-binary diagram (Lippold and Savage, 1979) for an alloy 

containing about 70 wt. % Fe. In the diagram, values are not assigned to Creq/Nieq ratios and 

temperatures since the composition of the alloy used may not correspond with that in the original 

diagram (Tasalloti, Kah and Martikainen, 2017). 

Figure 25 (a) and (b) present a SE/BSE scan of the PMZ and the associated martensitic 

band. The martensitic band formed in all the weld samples, although this feature was 

more prominent in WS 7.1, clearly visible with a width of ~ 20 µm in Figure 25 (a). By 

comparison, the PMZ adjoining to the weld metal in WS 8 features a composite structure 

made of a predominant martensitic region and some parts with bainitic appearance, 

typically surrounded with ghost prior-γ boundaries, as can be seen in Figure 25 (b). 
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Figure 25. SE and BSE SEM images of the WS 7.1 and WS 8 fusion boundary on the S 960 side. 

(a) BSE image of the WS 7.1 fusion boundary showing planar solidification of the martensitic 

band and formation of martensitic grains parallel to the fusion line. (b) SEM image of the partially 

mixed zone (PMZ) along the fusion boundary of the WS 8. The PMZ is characterized by a 

composite structure, dominantly martensite (M), and some regions resembling a bainitic structure, 

generally boarded by the remains of a prior-austenite (γ) boundary (Tasalloti, Kah and 

Martikainen, 2017). 

It is reported in the literature that the martensitic layer has a composition between the 

ferritic steel and the austenitic weld metal (Dupont and Kusko, 2007) (Doody, 1992) 

(Mukherjee and Pal, 2012) due to the existence of a layer of stagnant or laminar flow of 

liquid base metal alongside the weld pool boundaries (Kou and Yang, 2007) and fast 

cooling from the weld thermal cycle on the fusion boundary (Ornath et al., 1991). The 

amount of dilution, which is influenced by the amount of heat input, can be a determinant 

factor in creation of a martensitic layer (Eghlimi et al., 2015). Diffusion of carbon from 

the ferritic base metal to the Ni-based weld metal is another critical factor in formation of 

a martensitic layer (Lippold, Kiser and DuPont, 2009). However, no significant carbon 

migration is typically found in as-welded condition, and it is only important during 

postweld heat treatment (PWHT) (Lundin, 1982). 

Another form of macrosegregation, in the form of islands that resemble the base metal 

structure (Omar, 1998), was found close to the fusion boundary of WS 9, as clearly seen 

in Figure 26. According to Kou et al. (Kou and Yang, 2007), formation of segregated 

islands is a result of the difference in liquidus temperature of the base metal (~ 1530 °C) 

and weld metal (~ 1400 °C). As stated in (Kou and Yang, 2007), given that the liquidus 

temperature of the base metal (TLB) is higher than that of the weld metal (TLW), which is 

the case in this experiment, the temperature of the liquid weld metal in the regions 

immediately ahead of the mushy zone can be below TLB. Consequently, the liquid base 

metal swept from the mushy zone into this cooler region by convection can rapidly 

solidify without significant mixing with the liquid weld metal (Kou and Yang, 2007). 
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Figure 26. Macrosegregation formed inside the weld metal parallel to the fusion boundary. The 

islands appear to have a similar structure as the base metal (Tasalloti, Kah and Martikainen, 2017). 

Figure 27 (a)-(c), displays a fully austenitic microstructure of the weld metal on the 

duplex side of the weld. Nearly equiaxed cellular growth was prominent in WS 7.1, while 

columnar growth of dendrites or a combination of cellular and columnar growth were 

noticeable for WS 8 and WS 9. Similar to the ferritic side, accumulation of Cr and Mo was 

detected in some interdendritic areas (Figure 31) in the fusion zone, which can be a 

confirmative indication of ferrite formation and AF solidification mode. 

Figure 27 (b) and (c) clearly reveal the presence of an intermediate zone with a different 

structure from the base and bulk weld metal. In like manner as on the S 960 side, 

macrosegregation is considered the reason for the disparity in chemical composition that 

led to a different solidification mode in the intermediate zone. In Figure 27 (b), 

macrosegregation appears in the form of a PMZ, while in Figure 27 (c) it presents as a 

composite structure consisting of a PMZ and unmixed zone (UMZ). The PMZ 

characterises a primary ferritic solidification (FA) mode during which the transformation 

of primary-δ to γ took place through a peritectic-eutectic reaction in the liquid state 

(Rahmani, Eghlimi and Shamania, 2014). The structure contains a vermicular or skeletal 

morphology of the delta ferrite in a matrix of γ, delineated in Figure 27 (b) and (c). The 

UMZ, which appears in the form of a peninsula in Figure 27 (c), indicates a ferritic 

structure comparable to the coarse grains formed in the HAZ. It is put forward in the 

literature that the UMZ can appear due to a stagnant or laminar flow layer at the solid-

liquid interface between the weld pool and base metal (Kou and Yang, 2007) (S. Kou, 

1996). 

 

Figure 27. Microstructure of the fusion boundary and weld metal at the S 32205 side of (a) WS 

7.1, (b) WS 8, and (c) WS 9. Micrographs (b) and (c) delineate an intermediate zone in the form 

of a partially mixed zone (PMZ) and unmixed zone (UMZ). Primary ferrite (FA) solidification in 

the PMZ is noticeable in contrast to primary austenite (AF) in the weld zone. Austenite (γ) grains 

and retained skeletal ferrite (δ) are also seen in this figure (Tasalloti, Kah and Martikainen, 2017). 
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Figure 28 presents micrographs of the fusion zone around the weld axis for the weld 

samples. In line with expectations, as the cooling rate decreases with increase of distance 

from the fusion boundary toward the weld axis, equiaxed growth became more dominant 

in all weld samples, as can be seen in Figure 28. 

 

Figure 28. Microstructure of the weld metal around the weld axis: (a) WS 7.1, (b) WS 8, and (c) 

WS 9. In all samples, more granular and equiaxed austenitic growth was noticed at the lower 

cooling rates farther from the fusion line (Tasalloti, Kah and Martikainen, 2017). 

 Chemical composition 

Figure 29 shows EDS mapping of the major alloying elements (i.e. Fe, Cr, Ni, Mo) across 

the fusion zone and HAZ. It should be noted that C is excluded due to inaccuracy in the 

analysis as a result of its light element character. A chemical composition gradient in the 

weld samples is noticeable in Figure 29 (a)-(c). It should be noted that for WS 9, the figure 

is mirrored relative to (a) and (b), i.e. for WS 9 the UHSS is on the right and DSS on the 

left side of the figure. 

Generally, three forms of macrosegregation are propagated in the literature (Kou, 2003) 

(Kou and Yang, 2007) (Robert and Messler, 2004) (Yang and Kou, 2007). These 

macrosegregation types are filler-depleted zones along the fusion boundary (i.e. PMZ and 

UMZ) or across the width of the fusion zone as its centreline approaches (i.e. islands with 

composition between the base metal and bulk weld metal) and a filler-enriched zone at 

the weld bottom. All of the above-mentioned forms are observable in Figure 29 (a)-(c). 

As was noted earlier, a PMZ and a narrow martensitic band were detected on the ferritic 

side of the welds (Figure 23 and 25). Ornath et al. (Ornath et al., 1991) specified that this 

narrow band is richer in Fe and Cr than Ni. Such a composition is discernible at the 

intermediate boundary of all the samples, shown in Figure 29 (a)-(c). 

Filler-depleted islands are another distinct feature highlighted in Figure 29 (a) and (c). 

The composition suggests that the islands in both Figure 29 (a) and (c) originated from 

the S 960 side and solidified prior to being completely mixed and dispersed in the weld 

pool. In Figure 29 (c), the composition suggests that the islands solidified virtually 

without mixing with the weld metal. 

Another type of macrosegregation in the form of accumulation of alloying elements 

(filler-rich zone) within the weld-bottom is apparent in Figure 29 (b). A solidification 
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mechanism is suggested by Yang and Kou (Yang and Kou, 2007) to explain 

macrosegregation at the weld-bottom. However, in the specific weld specimen examined 

in this work, the segregation probably took place due to asymmetrical geometry of the 

melted joint, which is evident in Figure 29 (b). It is known that during arc welding, the 

electromagnetic force enhances mixing in the weld pool by conveying the filler droplets 

to the bottom of the pool and then driving the melt upward alongside the fusion boundary 

and finally pushing the melt toward the centre of the pool (Kou and Wang, 1986). 

Nevertheless, in the examined weld pad, projected base metal in the weld pool obstructed 

the mixing pass. Accordingly, the transferred filler droplets for the weld bottom primarily 

found their way upward along the ferritic side of the fusion boundary, while the rest 

solidified as a filler-rich area at the bottom of the weld before being able to melt down 

the projected obstacle. 

 

Figure 29. Concentration gradient of some major alloying elements (Fe, Cr, Ni, and Mo) through 

the weld as shown by EDS analysis of (a) WS 7.1, (b) WS 8, and (c) WS 9. Note that the ferritic 

and duplex side is mirrored in (c), i.e. UHSS is on the right side and DSS on the left side of the 

figure (Tasalloti, Kah and Martikainen, 2017). 

The segregation of Cr and Mo (ferrite stabilizers) into interdendritic regions is 

demonstrated in Figure 29 and more clearly in Figure 30. Segregation of Cr and Mo can 

be strong corroborative evidence for nucleation of eutectic ferrite in the interdendritic 

regions. According to Lippold and Savage (Lippold and Savage, 1979), during the final 

transition stage of primary-austenite solidification, Cr strongly partitions to the dendritic 

interstices, while segregation of Ni remains inconsiderable, which is in agreement with 

the EDS analysis shown in Figure 30. 
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Figure 30. EDS compositional analysis of WS 7.1 on the ferritic side of the weld (Tasalloti, Kah 

and Martikainen, 2017). 

Figure 31 presents the EDS analysis of the PMZ and UMZ in the intermediate zone at the 

duplex side of WS 9 (Figure 27). In the figure, the PMZ exhibits Ni content between the 

base and the bulk weld metals, which provides a further indication for diffusion of Ni 

from filler metal into this region.  

As was seen in Figure 27, the PMZ exhibits primary-δ solidification mode. This 

conclusion can also be derived from Figure 31. The formation of a PMZ occurred at the 

Cr-rich side of the eutectic liquidus (Figure 24), which supports FA solidification. 

Figure 31 reveals the composition of the detected peninsula, which resembles a thumb in 

this figure. In line with expectations, this expanse has in essence the same composition 

as the base DSS, which validates its recognition as UMZ. 

 

Figure 31. EDS compositional analysis of WS 9 on the duplex side of the weld (Tasalloti, Kah 

and Martikainen, 2017). 

 Hardness  

Hardness values were obtained across a parallel distance of about 1 mm from the free 

faces of the weld samples along the indentation line shown in Figure 32. The hardness 

profile of the face and root side of the specimens is shown in Figure 33 and Figure 34, 

respectively. In the diagrams, the labelled hardness values are associated with the indents 

that were placed approximately on the unaffected base metals, beginning at the coarse 

grain heat affected zones, proximate to the fusion boundaries, and on the fusion zone 

centrelines.  

As can be seen in Figure 33 and 34, the hardness of the unaffected S 960 was between 

310-340 HV. A decline in hardness can be clearly seen in the direction toward the fusion 

boundary. It can be noticed from the hardness profile that HAZ softening is more severe 

in WS 7.1, with about 25 % decline in hardness at the lowest hardness level, close to the 
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fusion boundary. However, the reduction in hardness ameliorated when lower heat inputs 

were applied, so that for WS 9 the maximum decrease in hardness was only about 16 %, 

shown in Figure 33 and 34.  

Intermittent increases in hardness to a level close to that of the base metal (300-320 HV5) 

can be seen in association with the martensitic phase in the microstructure. Hardness 

values of about 290 HV5 may be correlated with the bainitic phase. Moving forward from 

the coarse grain HAZ toward the fusion boundary, substantial reduction of hardness at 

some points can be noticed in both the root and face hardness profiles. The hardness of 

the softened zone varies between 231-258 HV5 in WS 7.1, 250-262 HV5 in WS 8, and 268-

269 HV5 in WS 9, observable in Figure 33 and 34. Attenuation of the dislocation density 

of the new coarse grains formed from the intercritical austenite at this region can be a 

significant contributor to this softening (Guo et al., 2015) (Qiu et al., 2010). 

 
Figure 32. Indentation along face and root side of the weld specimen. 

The variation of hardness in the HAZ of the duplex side is less considerable. However, a 

moderate increasing trend in the hardness profile can be discerned as measurements 

approach the fusion boundary, except for WS 7.1 on the face side. This increase may be 

related to the increased ratio of ferrite to austenite in the HAZ as a result of the thermal 

cycle experienced (Sadeghian, Shamanian and Shafyei, 2014). 

The austenitic fusion zone has the lowest hardness levels, in the range of 150-190 HV5. 

The hardness values were generally higher for WS 8 and WS 9 than WS 7.1. The harder 

weld metal may be a result of the change in the austenitic weld texture from more 

equiaxed grains in WS 7.1 to more dendritic and columnar forms in WS 8 and WS 9. In 

addition, possible disparities in the chemical composition of the fusion zone as a result of 

macrosegregation in the weld may affect the hardness measurements.  
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Figure 33. Hardness profile at a distance less than 1 mm from the face side of the weldments in 

the transverse direction from unaffected S 960 base metal (left) and toward unaffected base metal 

S 32205 (right). The vertical dotted line approximately indicates the centre line of the weld 

samples. The points that are labelled with values are approximately on the unaffected base metals, 

the beginning of coarse grain heat affected zones, weld metal adjacent to the fusion boundaries, 

and the centreline of the welds.  

 
Figure 34. Hardness profile at a distance less than 1 mm from the root side of the weldments in 

the transverse direction from unaffected S 960 base metal (left) and toward unaffected base metal 

S 32205 (right). The vertical dotted line approximately indicates the centre line of the weld 

samples. The points that are labelled with values are approximately on the unaffected base metals, 

the beginning of coarse grain heat affected zones, weld metal adjacent to the fusion boundaries, 

and the centreline of the welds. 
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 Bend properties 

Transverse root and face bending tests were carried out on the specimens using a mandrel 

with a diameter of 65 mm. The results are presented in Table 5. As can be seen from the 

results, all weld samples showed excellent ductile properties and passed the face bending 

test. However, all the specimens failed at the root side. It can be postulated that the 

accumulation of strain mainly took place at the narrow soft weld and proceeded by plastic 

deformation beyond the endurance of the weld, leading to fracture. A lower strain 

capacity can be anticipated on the root side as it has a narrower weld cross-section. The 

narrower weld resulting from the lower heat input can also shed light on the decrease in 

ductility and failure angle of WS 9.  

Table 5. Transverse face bending (TFB) and transverse root bending (TRB). The results are in 

degree angle. 

Specimen TFB TRB 

WS 7.1 180 ̊ 67 ̊  

WS 8 180 ̊ 64 ̊  

WS 9 180 ̊ 37 ̊  

 Tensile behaviour 

The yield and ultimate tensile strength of the samples are tabulated and compared with 

those of the parent metals in Table 6. The diagram shown in Figure 35 presents a 

comparison of the average tensile strength values. All specimens failed at the weld. This 

may be a result of stress concentration at this soft region leading to strain beyond the 

range of the weld endurance and subsequent fracture. As can be seen in Figure 35, 

increase in strength shows a direct connection with decrease in heat input. It was seen 

from the hardness profiles (Figure 33 and 34) that lower heat input generally increased 

the hardness throughout the fusion zone and HAZ, by altering either the microstructural 

phases (i.e., increased proportion of martensite to bainite) or the texture of the HAZ and 

fusion zone. A slight increase in the hardness could more effectively constrain plastic 

deformation, thus increasing the strength.  

The results signify that the yield strength of the specimens declined compared with that 

of the S 960 base metal, with a drop of 36 % in WS 7.1 and 33 % in WS 9. Nonetheless, 

the yield values still remained 1.5 % - 6.5 % higher than that of the S 32205 parent metal. 

In comparison, the ultimate strength of the specimens was 35% - 36% lower than that of 

S 960 and 13 % - 17% inferior to that of S 32205.  

It can be seen from Figure 35 that the variation in elongation of the specimens was 

insignificant and did not show a clear correlation to the heat input. Due to the significant 

mismatch between the mechanical properties of the base and weld metals, evaluation of 

elongation of the weldment through standard tensile tests can be open to question. As 

mentioned above, the concentration of strain and the plastic deformation was mainly at 
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the fusion zone, which constitutes the softest region. Therefore, the elongation results 

may principally represent the fracture strain of the fusion zone.  

Table 6. Yield strength and ultimate tensile strength. Test results obtained from two replicates 

(Test 1 and Test 2) for each weld sample. The average (Ave.) quantities are calculated from Test 

1 and Test 2. (*) indicates values for the base metals taken from the supplier’s certificate.  

Specimen 
Yield strength (N/mm2) 

Ultimate tensile strength 

(N/mm2) Elongation Ave. (%) 

Test 1 Test 2 Ave. Test 1 Test 2 Ave. 

WS 7.1 636.83 643.27 640.05 681.91 684.90 683.40 5.76 

WS 8 651.43 666.34 658.88 687.02 701.99 694.51 5.10 

WS 9 680 663.88 671.94 720.98 713.06 717.02 6.20 

S 960 – – 
1004.5 

* 
– – 1114.50 * 11.5 

S 32205 – – 631 * – – 825 * 28.5 

 
Figure 35. Comparison between the weld specimens and the parent metals in terms of average 

yield and ultimate strength as well as elongation (%).  

 Impact toughness 

Table 7 displays a summary of absorbed energy values from the Charpy V-notch impact 

test. The impact energies of the weld metal and HAZ were procured from three sets of 

tests carried out separately on the specimens with a notch either on the weld centre or at 

1 mm distance from the centre toward the S 960 side, respectively. Average impact 

toughness values are also listed in the table. 

Table 7. Impact test results obtained when applying 150 J impact energy at -40 °C. Three sets of 

experiments were performed separately on the weld specimens with a V-notch either on the weld 
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centre or with 1 mm offset toward HAZ of the S 960 side. (*) indicates values taken from the 

supplier’s certificate.  

Specimen 
Weld metal (J.cm-2) HAZ of S 960 (J.cm-2) 

Test 1 Test 2 Test 3 Ave. Test 1 Test 2 Test 3 Ave. 

WS 7.1 71 31 50 50.67 43 23 48 38 

WS 8 56 45 54 51.67 35 70 61 55.33 

WS 9 44 41 46 43.67 43 59 44 48.67 

S 960  60* 60* 57* 59* – – – – 

S 32205 40* 60* – 50* – – – – 

Figure 36 provides a comparison between the median absorbed impact energy of the weld 

samples and the impact toughness of the base metals. As can be realized from the figure, 

all the weld samples passed the minimum requirement of 27 J for the weld. However, the 

magnitudes were 14 % to 26 % inferior to the absorbed energy of the S 960 parent metal. 

The results demonstrate outstanding impact toughness for WS 8, whereas WS 9 showed 

the highest brittleness. The impact toughness of the specimens roughly matches the 

duplex parent metal, except for WS 9, where the toughness was approximately 12 % lower 

than that of S 32205.  

The HAZ of WS 7.1 exhibited the most severe embrittlement, with an absorbed energy 

about 35.5 % less than that of the S 960 parent metal. However, the toughness was still 

well higher than the minimum requirement. In comparison, the impact toughness of WS 

8 was 55.33 J, only about 6 % lower than that of S 960 but about 10 % greater than that 

of S 32205. For the HAZ of WS 9, the absorbed energy was approximately between that 

of WS 7.1 and WS 8 and about 17 % lower than that of S 960. The higher amount of hard 

martensite in the HAZ of WS 9 compared with WS 7.1 and WS 8 (Figure 16) could be the 

principal cause of the brittleness in WS 9. 

The superior impact toughness of WS 8 implies that moderate heat input had a favourable 

effect on the microstructure. The improved toughness of the HAZ may be a consequence 

of more balanced martensitic-bainitic phases in the HAZ as well as less intense grain 

coarsening compared with WS 7.1. 
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Figure 36. Average impact strength at the weld and in the HAZ of S 960. The results were obtained 

by applying 150 J impact energy at -40 °C and compared with the impact strength of the base 

metals at the same temperature. The V-notch was on the weld centre and at a distance of 1 mm 

from the weld metal toward the S 960 side for weld metal and HAZ, respectively. Note that impact 

toughness values of the base metals are taken from the supplier’s certificate.  

 Fatigue behaviour 

A servo hydraulic testing machine capable of 100 kN was used to perform the fatigue 

tests. The geometry of welded specimens used for fatigue testing is shown in Figure 37. 

For a satisfactory result, a transverse section of butt weld with a width of 70-75 mm is 

recommended (Gurney, 1979). Having a wide weld section is preferred because it 

represents a larger volume of the weld sample and increases the probability of sampling 

regions containing a flaw (unintentional weld defect) (Gurney, 1979).  

All attempts were made to remove possible misalignments in the samples during both the 

welding and testing. According to the standard in (Hobbacher, 2013), for the class of weld 

used, full penetration is mandatory (unless otherwise stated) and misalignment should be 

kept to less than 10 percent of the plate thickness. These standard requirements were met 

for this study. Neither pre-treatments, such as preheating and edge-preparation, nor post-

treatments, such as stress relieving and reinforcement machining, were performed, and 

all the tests were carried out on specimens in as-weld condition. 

Tests were conducted in three different stress ranges for each power class. In order to 

compare the results with a standard design curve, the stress ratio for two repetitions (Test 

1 and Test 2) was kept at R= 0.1. All tests were carried out at room temperature and 
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frequency of 8 Hz. The results are presented in Figure 38, which presents a log-log plot 

of the data. 

 
Figure 37. Schematic of the specimens prepared for the fatigue tests. 

 
Figure 38. Comparison of fatigue test results for different power classes. Fatigue resistance S–N 

curves (Pf = 2.3 %) based on IIW recommendations (Hobbacher, 2013) and values from study of 

the base materials (Laitinen, Valkonen and Kömi, 2013) are included. 

The standard design curve is based on the equation (1) for the FAT class 80 corresponding 

to the type of welded joint tested (Radaj, Sonsino and Fricke, 2006):  

𝑁 =
𝐶

∆𝜎𝑚
∙       (1)

  

In this equation, N and Δσ denote the number of cycles and stress range, respectively. The 

values of the slope, m, and the design value of the fatigue capacity, C, are considered to 
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be 3 and 1.024×1012, respectively (Hobbacher, 2013). At each power class, the test on 

specimen 3 was performed at R= 0.5 in order to simulate the high residual stresses 

existing in real structures. It is worth mentioning that the endurable or permissible 

nominal stress amplitudes could be significantly reduced by high tensile residual stresses 

caused by welding large structural members in contrast with small test specimens (Radaj, 

Sonsino and Fricke, 2006). These permissible stresses are independent of mean stress (R 

ratio) in standard recommended curves. Thus, when using laboratory specimens, fatigue 

testing to determine permissible stress amplitudes in welded joints should generally be 

performed with high R-values (R = 0.5) to appropriately reproduce the detrimental effect 

of high residual stresses in large structures. Another recommendation is to perform the 

test at low stress ratio (R= 0) and lower the fatigue limit at 2 million cycles by 20 % 

(Hobbacher, 2013). This alteration makes the slope of the curve steeper. 

As can be seen from the results in Figure 38, the specimens tested at higher stress ratios 

to simulate conditions in real structures are closest to the recommended curve for this 

weld class (FAT 80). It seems that FAT class 80 works reliably for all power classes of 

dissimilar joints in this study, although it is rather conservative for specimens tested at 

low stress ratios. It is recommended (Hobbacher, 2013) that the upper band should be 

limited by the S-N curve of the parent material, if properly verified test data is available. 

If not, FAT class 160 for steels is recommended (Hobbacher, 2013), which has been 

added to Figure 38 to check the scatter of the results. All specimens tested at high stress 

ratios are positioned between the limits, with the upper limit being slightly conservative 

for tests conducted at low stress ratios. 

To add the upper limits as the S-N curve of the parent materials, the results of study on 

the same materials by Laitinen et al. (Laitinen, Valkonen and Kömi, 2013) are used. 

Laitinen et al. recommended FAT 280 for 960 QC and FAT 225 for material with yield 

strength between 600-700 MPa. It can be clearly seen from Figure 38 that all the test 

results are covered by the curve for the weaker parent material (S 32205). Hence, using 

the upper bands based on the S-N curves of the parent materials cannot be considered a 

safe criterion, whereas the IIW recommendation of using FAT class 160 for the upper 

boundary would be more conservative and safe in real structures. 

No clear relation between the fatigue strength and heat input variations can be derived 

from the results. The reason is that the specimens were tested in as-welded condition 

without reinforcement removal, and as a result, geometrical effects could have a 

controlling influence on the fatigue results. It can be conjectured that the effect of heat 

input in dissimilar welds of such combinations may not be a prime determinant factor in 

the fatigue life when the joints are expected to be used in as-welded condition and with 

no subsequent heat treatment. Whereas, geometrical effects should be taken as the major 

cause of failure in the specimens. 

It is noteworthy that all specimens made of WS 7.1 and WS 8 failed at the weld toe of the 

S 960 side. In comparison, only one WS 9 specimen failed on the S 960 side of the weld 

interface; the rest failed at the duplex side of the weld toe. It can be deduced that the weld 
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reinforcements acted as stress raisers that concentrated the stress at the weld toe. The 

geometrical effects and possible weld flaws make the crack initiation life negligible. As 

a crack initiates, the fatigue life of the welded samples is governed by the crack 

propagation rate, which is reliant on the fracture resistance and ductile properties of the 

structure around the crack tips. The results imply that variation in the microstructure at 

the weld interfaces as a result of different heat input could have influenced the fracture 

location. It appears that the fracture resistance of the coarse austenitic-ferritic structure of 

the DSS side of the interface was superior to that of the predominantly coarse martensitic-

bainitic structure at the UHSS side in the majority of the samples. Shang et al. (Shang et 

al., 2015) have demonstrated that the fatigue crack path and propagation rate in a weld 

between austenitic stainless steel and ferritic steel is crucially influenced by the 

microstructural characteristics, including columnar grain growth of austenite in the fusion 

zone, a martensitic layer at the interface, and coarse martensite in the HAZ (Shang et al., 

2015). Their work emphasized the significance of columnar grain growth in the crack 

propagation transgranularly parallel to the dendrite structure.  

The microstructural observations showed that with the lowest heat input the integrity of 

the WS 9 weld on the duplex side was noticeably affected by macrosegregation in the 

form of a PMZ and UMZ on the DSS side. The impaired integrity could have a 

detrimental effect on the fracture strength and intrinsic ductile properties of the weld 

interface with the DSS base metal. Nevertheless, the appearance of macrosegregation 

might not be consistent throughout the weld, which could account for the inconsistent 

failure pattern in WS 9.  

 Factors affecting corrosion resistance 

Duplex stainless steels (DSS) exhibit outstanding corrosion resistance in chloride-ion 

containing environments. Their good corrosion-resistance properties arise from the 

duplex microstructure, which consists of approximately equivalent amounts of austenite 

and δ-ferrite without other undesirable precipitates. However, weldments of DSS can 

show a severely impaired corrosion resistance, especially local pitting corrosion 

resistance. The inferior corrosion properties can be the result of an unbalanced duplex 

phase proportion with excess ferrite phase and the precipitation of detrimental secondary 

phases such as Cr2N, secondary austenite (γ2), sigma (σ), and chi (χ). With dissimilar 

welds of DSS and UHSS, most degradation related problems of welded DSS can be 

expected to occur on the duplex HAZ, and not within the weld metal zone (WMZ), since 

the properties of the weld metal zone are modified by high-alloyed filler metal. Controlled 

heat input should be employed in welding of DSSs. Very high heat inputs intensify the 

precipitation of deleterious brittle intermetallic phases. On the other hand, very fast 

cooling rates can result in less austenite reformation, and also can lead to  Cr2N 

precipitation (Al-Haidary, Wahab and Salam, 2006) (Cortie, Fletcher and Louw, 1995) 

(Ramkumar et al., 2015). 
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 A novel method for enhanced decision making 

Traditional design processes and commercial CAD/CAE software usually employ the 

thermo-mechanical characteristics of the base materials and joint geometries and 

thicknesses to assess the suitability of base metals for demanded load carrying capacity, 

life expectancy and the service environment. However, these criteria cannot guarantee the 

performance of the weldment if the characteristics of the weld, including metallurgical 

aspects, are not carefully considered. Complex interactions of base metals, base and filler 

metals, and the welding process and its parameters determine the final mechanical and 

metallurgical features of the welded joint. With traditional design methodology, the weld 

characteristics (e.g., corrosion resistance, ductility, strength, toughness and hardness) are 

generally taken into consideration at the manufacturing stage, when detailed design is 

done. Such late consideration of these fundamental factors brings a high risk of failure, a 

need for costly rework and delays at the manufacturing phase. The failure risk stems from 

possible weldability incompatibilities between the base metals, welding process, and 

thicknesses and joint geometries. The prerequisites for assessment of weld properties at 

the design stage are in-depth knowledge of mechanical, metallurgical and weldability 

characteristics of the materials. Obviously, it is not always possible to find designers with 

such knowledge. The knowledge gap existing between the design and manufacturing 

stages is a serious challenge that can lead to problematic design and, consequently, 

possible catastrophic failure, especially in critical applications and demanding service 

environments.  

The concepts of concurrent engineering (CE) and design for manufacturing and assembly 

(DFMA) methodology can provide an effective solution to bridge the gap between the 

design and manufacturing phases. The DFMA rules can be used to enable construction of 

a database driven selection method with a built-in expertise feature to provide designers 

with optimal solutions to address the challenges associated with the design of welded 

structures. 

Effective data distribution within the multidisciplinary teams involved in product 

development is a precondition for successful implementation of DFMA. In this study, a 

solution is proposed for streamlined data distribution by integrating the capabilities of 

PDM with the DFMA rules. The PDM can enable efficient linkage and technical 

communication of the different design and manufacturing units involved. PDM systems 

also provide organized access and control of product data as well as life cycle 

management throughout the development and manufacture of the welded structure 

(Gascoigne, 1995). Many researchers have proposed different methods for incorporating 

DFMA into welding operations (LeBacq et al., 2005) (Lovatt and Shercliff, 1998) 

(Maropoulos et al., 2000) (Kwon, Wu and Saldivar, 2004) (Niebles et al., 2006) 

(Boothroyd, Dewhurst and Knight, 2000) (Knight, 2005) (Zha, Lim and Fok, 1998). 

Nevertheless, an examination of integrated PDM and DFMA for weldment design has yet 

to be presented. 
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In this study, the concept of CE is utilized to facilitate and improve the design process of 

welded structures, especially complex structures that require great caution in design and 

manufacturing, where different design teams are involved and heterogeneous 

combinations of dissimilar materials are used.  

For the purposes of this study, the traditional DFMA model was adapted to the 

requirements of structural welding applications. In this revised model, welding is 

considered as a separate design module. The model aims to expedite the decision-making 

process by using an application-based selection approach that delivers solutions to the 

designers by providing a permitted list of materials and welding procedures specifications 

(WPS) together with brief data and analysis that aids the designer find an optimal solution. 

The model can be put into practice by integration with a PDM database. A demo 

application was developed as a proof of concept and tested using the task of selecting 

appropriate dissimilar base metals and filler metal for an application operating in a 

demanding service condition, i.e., in an offshore environment. 

 Novel DFMA-based design procedure 

To develop a DFMA-based model for welded structures, the DFMA aspects of weldment 

design and welding stages must first be carefully defined. Figure 39 shows important 

factors in the DFMA of welded structures. The factors shown in Figure 39 are grouped 

under four main DFMA categories, namely, complexity, compatibility, quality and cost, 

all of which are interconnected and can affect one another. For example, a decrease in the 

complexity of a design by improving the geometry and tolerances as well as paring down 

the weight and number of components can reduce the manufacturing cost of the product. 

In the same way, quality can be conditioned by the metallurgical compatibility of the base 

and filler metals, the compatibility of the welding process with the material thicknesses 

and needed weld deposition, as well as the compatibility of the welding procedure with 

the material and joint position and configuration. It is understandable that improved 

compatibility and quality can also reduce costs by minimizing defects and waste. 
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Figure 39. Influential factors in DFMA of weldments (Tasalloti et al., 2016). 

The study in (Tasalloti and Kah, 2016) introduces an application-based selection method 

that is a variation of the questionnaire-based approach in (Ashby et al., 2004) combined 

with an inductive reasoning strategy (Ashby et al., 2004) (Kolodner, 1993) (Kolodner, 

1992) (Ashby and Johnson, 2001). Different selection strategies for materials and 

manufacturing processes are suggested in the literature (Dieter, 2012) (Charles, Crane 

and Furness, 1997) (Farag, 1989) (Ashby, 1999). However, the approach proposed in this 

work can significantly shorten the decision-making procedure and can also eliminate the 

risk of improper selection due to its built-in expertise. For material selection, for example, 

the designer first selects the application (e.g. offshore construction) in the DFMA-based 

system. Subsequently, based on the service requirements of the application, suitable 

materials are retrieved from the database prior to being made available for selection. As 

shown in Figure 40, the selection can be performed either manually with the help of the 

DFMA guidelines or though automatic ranking by weighting of the intended application 

and the fabrication properties demanded of the materials, such as strength, toughness, 

corrosion resistance, weldability, formability, machinability and cost. 

In a similar manner, the welding process is selected from the database based on the 

application (i.e. the materials to be welded, thicknesses, homogenous or non-homogenous 

welding) and then ranked according to requirements such as availability, applicability, 

cost and productivity. 

Filler metals are categorized and indexed according to the application, i.e., materials to 

be welded, dissimilar or similar metals welding, and the welding process. The filler metal 

can then be selected according to the suitability of the predicted microstructure and the 

conformity of the filler with the welding process, shown in Figure 41.  
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Figure 40. Procedure for selecting materials using an application-based selection interface 

(Tasalloti and Kah, 2016). 

 
Figure 41. Procedure for selecting the filler metal using an application-based selection interface 

(Tasalloti and Kah, 2016). 

In the model, additional DFMA rules and guidelines are included for weldment design 

and structural welding standards, welding procedures specifications (WPS), welding 

procedure qualification tests (WPQT) and welder qualification tests (WQT). The WPS 

should be compatible with the selected parent materials and processes. The WPS should 
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also include comprehensive instructions of actions required to produce the weld, such as 

joint type and preparation, weld type, welding parameters and technique, consumables, 

interpass temperature and heat treatments. WPS is qualified using WPQT provided by the 

DFMA guidelines. Depending on the requirements of the relevant standards and the 

functional requirements of the structure, the WPQT may include various destructive tests 

such as tensile, toughness, hardness, bending and corrosion tests, as well as different non-

destructive tests. The acceptability of the WPS or the need for modification of the WPS 

is determined based on the WPQT results.  

 Integration of the application-based approach with PDM systems 

As mentioned earlier, the success of DFMA-based approaches relies on appropriate and 

effective distribution of data among the designers and product development teams. 

Generally, despite recognition of its importance, the DFMA-based approaches in (LeBacq 

et al., 2005) (Lovatt and Shercliff, 1998) (Maropoulos et al., 2000) (Kwon, Wu and 

Saldivar, 2004) (Boothroyd, Dewhurst and Knight, 2000) lack a practical solution for 

comprehensive data distribution between the design and manufacturing teams, from the 

conceptual phase to the detailed design and manufacturing stage, for simultaneous 

development and optimization of a product according CE methodology. In addition, the 

applicability of the DFMA-based strategies for real world welding operations and the 

possibility of incorporating the approaches in companies’ production lines usually 

remains unaddressed.  

The study in (Tasalloti et al., 2016) suggests the use of the presented application-based 

approach in conjunction with a PDM system for data storage and data distribution. PDM 

tools are used to capture and keep track of changes during the lifecycle of a product and 

to support the product development process according to the specific way a company 

operates (Gascoigne, 1995) (Eskelinen, 2013a). PDM systems have a repository for data 

storage of CAD/CAM files and revisions, documentation and standards, specifications, 

manufacturing information and requirements, calculations, illustrations and supplier 

information. PDM programs are increasingly being used to promote systematic, modular 

and cost-effective design and manufacture of products (Eskelinen, 2013a). While PDM 

software can effectively help designers to reuse design modules and specifications, it 

generally cannot provide solutions for improving the functionality and fabrication 

friendliness of designs, nor for determining the optimum manufacturing technology. 

Integration of DFMA and PDM can overcome the shortcomings of the PDM system as 

regards providing solutions and at the same time mitigate the deficiencies of DFMA-

based models as regards data distribution.  

In the integrated model, the DFMA aspects are taken into consideration in relation to the 

technical data in the PDM system. The PDM can assist successful implementation of the 

application-based selection approach according to the CE design purpose. The PDM 

brings the data associated with cross-functional design teams together so that all teams 

have proper access to the latest data and changes made during the design process. 



4 A novel method for enhanced decision making 66 

Figure 42 illustrates the new DFMA procedure developed for structural welding 

applications interfaced with a PDM system. The integrated DFMA-PDM model was 

developed to improve and enhance the application-based approach discussed in the 

previous section. Unlike approaches such as those in (Boothroyd, Dewhurst and Knight, 

2000) (LeBacq et al., 2005) (Lovatt and Shercliff, 1998) (Maropoulos et al., 2000) (Kwon, 

Wu and Saldivar, 2004), the proposed integrated model takes the weldment into 

consideration as a separate design module to address the requirements of welded products 

more specifically. This makes the model readily applicable to various welded products, 

as long as a pertinent database and DFMA guidelines are provided.  

As can be seen from Figure 42, DFMA rules and guidelines are conjointly used with the 

PDM database to enable designers decide on optimal configurations, materials, filler 

metals and welding processes. The database is a supportive knowledge base with 

benchmarks for decision making in both the conceptual and detailed design phases. All 

the design documents, changes and modification proposals are captured, stored and 

distributed via the PDM system.  

The PDM side of the integrated model can furnish additional advantages, including: 

 Up-to-date data of all modifications and revisions for all teams involved in the 

design. 

 Records of all revisions and a history of why and by whom a revision has been 

made. 

 Controlled access to the database by defining roles and privileges so that 

certified roles according to their need can acquire access to the categorized 

database of CAD designs and drawings, materials, filler metals, cutting and 

bending processes, welding processes, documentations and standards, costs and 

prices, suppliers, manufacturers and subcontractors. 

 Unified interface for DFMA and PDM tasks. 
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Figure 42. Integrated DFMA-PDM procedure for welded structures (Tasalloti et al., 2016). 

Figure 43 and 44 illustrate the application-based selection flow chart in the integrated 

DFMA and PDM procedure. As can be seen from these two figures, the procedure is 

essentially the same as the flowsheets shown in Figure 40 and 41. The major difference 

is that in Figure 43 and 44 the application-based selection model is interfaced with the 

PDM database. In the integrated model, following selection of an application by the 

designer, suitable materials are loaded from the PDM database, prior to being made 

available for selection. As shown in Figure 43, similar to Figure 40, the selection can be 

done either manually with the help of the DFMA guidelines or though automatic ranking 

by weighting of the required material properties.  

In a similar way, filler metals are categorized and indexed according to the application 

(i.e. materials to be welded, dissimilar or similar metals welding, and the welding process) 

and selected based on the suitability of the predicted microstructure and the ease of the 

process, shown in Figure 44.  

In the integrated model, the PDM side controls the data storage, data selection and data 

modification, while the DFMA side oversees the database and filtering of the available 
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options toward an optimal solution. Figure 45 gives a more detailed view of the proposed 

DFMA procedure, illustrating actions commonly needed at each stage.  

 
Figure 43. Application-based selection of materials using the integrated DFMA-PDM interface 

(Tasalloti et al., 2016). 

 
Figure 44. Procedure for selecting the filler metal in the integrated DFMA-PDM interface 

(Tasalloti et al., 2016). 
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Figure 45. DFMA procedure of welded structures integrated with the PDM system showing 

typical actions required in each stage (Tasalloti et al., 2016). 
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The approach restricts selection to an approved list of materials, welding processes, 

welding parameters and filler metals for a specified service environment and function. 

Nevertheless, the inductive reasoning feature of this approach helps to incorporate the 

intellect of designers in decision making. This feature adds more flexibility to the model 

and enables the designer to test and analyse different options and make selections based 

on personal knowledge and previous experience or the technical data provided. Although 

the approach cannot easily be used for innovation, the model provides optimal solutions 

within the confines of current knowledge and reduces the risk of erroneous design 

decisions, which is a significant advantage in critical applications. The built-in expertise 

most benefits designers without specialized knowledge of welding and metallurgy. The 

benefits include a reduced risk of improper selection and consequent design failure as 

well as an easier decision-making and shortened design time. 

 Simplified example for application-based selection  

Figures 46-53 present the interface of a simplified software application developed for this 

study as a proof of concept based on the flowsheets presented in Figures 40 and 41. It 

should be noted that this demo tool only embodies one way (limited by the programming 

skill of the author) of utilizing the approach illustrated in the flowsheet in Figure 42 and 

the application-based selection flowcharts in Figure 40 and 41. Obviously, professional 

programmers can develop much more elaborate tools with better practicality and user 

experience for real world applications. It should also be noted that in the presented demo 

tool no changes in relation to the PDM and CAD databases are made. In the illustrative 

tool developed, an isolated database with a limited number of materials, specifications, 

and DFMA guidelines is used to demonstrate the feasibility of the approach. As 

mentioned earlier, selection of the welding process and welding parameters is excluded 

from this presentation due to the many processes and multifactorial elements involved, 

which raise the complexity of the software application beyond the scope and resources of 

the current dissertation.  

Figure 46 displays initiation of the material selection by specification of the application. 

Figure 47 shows a selection of materials recommended for offshore applications. In the 

presented example, five materials are considered; namely, A633 high strength low alloy 

(HSLA) steel, S 960 QC direct-quenched ultra-high strength steel (UHSS), 316 L 

austenitic stainless steel (ASS), 1.4529 super-austenitic stainless steel (SASS) and AISI 

2205 duplex stainless steel (DSS). Clearly, the listed steels are only a selection of possible 

steels available on the market. 
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Figure 46. Selection of the application in the application-based interface (Tasalloti and Kah, 

2016). 

A 633 is a normalized HSLA steel with improved notch toughness, which makes it 

suitable for welded structures operating in temperatures as low as -45°C (Davis, 2001). S 

960 QC is a low-carbon, low-alloyed direct-quenched steel that is characterized by a 

favourable combination of very high strength, good toughness at ambient temperatures 

even below -40 °C, as well as satisfactory formability and weldability (Farrokhi, Siltanen 

and Salminen, 2015) (Hemmilä et al., 2010) (Pallaspuro et al., 2014). Alloy 316 L is a 

low-carbon ASS with excellent resistance to atmospheric corrosion. 316 L possesses 

excellent strength and toughness at cryogenic temperatures and is resistant to 

intergranular corrosion in marine environments (Davis, 1995). Alloy 1.4529 offers 

excellent toughness at cryogenic temperature together with good formability and 

weldability. This SASS is remarkably stronger than other 300 ASS series and shows 

superior resistance to numerous corrosive environments (Outokumpu, 2013). AISI 2205 

is a duplex stainless steel that shows excellent resistance to general corrosion as well as 

stress corrosion cracking. Additionally, AISI 2205 presents good toughness down to 

45°C, greater mechanical strength than austenitic grades, and a satisfactory weldability 

(Outokumpu, 2013). The chemical composition of the five aforementioned alloys is 

shown in Table 8. 

Table 8. Chemical composition of five steels recommended for offshore applications. 

Mat. C Mn Cr Ni Mo Nb Cu N P+S Si Ti 

A 633 0.2 1.5 - - - 0.05 - - 0.09 0.5 - 

S 960 QC 0.09 1.05 0.82 0.04 0.158 0.003 0.029 - 0.002 0.21 0.07 

316 L 0.02 - 16.9 10.7 2.6 - - 0.1 0.075 0.75 - 

1.4529 0.01 - 20.5 24.8 6.5 - 1 0.2 0.04 0.5 - 

AISI 2205 0.015 1.34 22.6 5.79 3.24 0.009 0.25 0.179 0.02 0.39 - 
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Figure 47. Material selection. Recommended materials can be loaded from the application 

database (Tasalloti and Kah, 2016). 

As shown in Figure 47, material selection can be done either manually or automatically 

from the list comprising recommended metals. For manual selection, the designer needs 

to decide which material(s) would best serve the design requirements using the technical 

information presented in the form of a guideline next to each material, shown in Figure 

48. The guideline contains mechanical properties, weldability, formability and 

machinability information, as well as carbon equivalent (Ceq) when applicable. The Ceq is 

calculated using Equation (2) (Dearden, 1940):  

𝐶𝑒𝑞 = 𝐶 +
𝑀𝑛

6
+

(𝐶𝑟+𝑀𝑜+𝑉)

5
+

(𝑁𝑖+𝐶𝑢)

15
   (2) 

 
Figure 48. Manual material selection interface. The guideline next to each material aids the 

designer in selection of suitable material (Tasalloti and Kah, 2016).  

For automatic selection, the designer needs to decide how important a specific property 

of the material is for the design purpose. As shown in Figure 49, a range of attributes are 

presented to be rated by the designer. These attributes include quantitative and qualitative 

properties and provide a baseline for comparison and ranking. Table 9 presents an 

example of properties that can be compared quantitatively. 
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Table 9. Comparison of the proposed materials based on properties having quantitative value. 

Quantitative properties A 633 S 960 316 L 1.4529 AISI 2205 

Ultimate tensile strength (MPa) ≈ 630 1114 570 670 825 

Charpy impact values at -40 °C (J) 34 60 180 200 50 

Estimated price / ton ($) 800 1200 3000 5000 2000 

The greatest material property within a range (e.g. strength) is valued with a 5 on a scale 

of 0-5, where 0 equals “unsuitable” and 5 equals “best value”, and the other properties 

are proportionally calculated compared to the best value. An example of the comparison 

of quantitative attributes is presented in Table 10.  

Table 10. Comparative values calculated with respect to the best corresponding material property 

valued with a 5 on a scale where 0 equals “unsuitable” and 5 equals “best value”. 

Material 
Comparative values 

Ultimate tensile strength Charpy impact Price per ton 

A 633 2.8 0.9 5 

S 960 QC 5 1.5 3.3 

316 L 2.5 4.5 1.3 

1.4529 3 5 0.8 

AISI 2205 3.7 1.2 2 

Material properties that cannot be readily characterized with a definite quantity, due to a 

lack of valid experimental data or the nature of the property being evaluated, are 

qualitatively compared. As can be seen from Table 11, weldability, formability, and 

machinability are qualitatively evaluated from 0 to 5, where 0 indicates an attribute is 

unsuitable and 5 evaluates a property as excellent. The values are assigned based on data 

extracted from material handbooks and supplier catalogues (Outokumpu, 2013) (Davis, 

1995) (Davis, 2001) (ASM International Handbook Committee, 1990). 
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Figure 49. Rating menu for assigning the weighting of different material attributes in a design 

(Tasalloti and Kah, 2016). 

Table 11. Qualitative properties are evaluated from 0-5, where each number in succession stands 

for “unsuitable”, “fair”, “good”, “suitable” and “excellent”, respectively. Due to a lack of 

experimental data, the properties indicated with “*” are compared qualitatively. 

Qualitative properties A 633 S 960 QC 316 L 1.4529 AISI 2205 

Weldability 3 3 4 3 3 

*Formability 4 3 4 3 3 

*Machinability 4 2 3 1 1 

*Corrosion resistance 1 2 4 5 5 

Weldability, for example, is evaluated based on chemical composition, microstructure, 

hardness, thermal expansion, joint preparation, required pre-work and post-heat 

treatment, and heat input sensitivity.  

In the rating menu, shown in Figure 49, a weight should be defined for each property on 

the basis of the service demands. The weights can be allocated from 0-5, where the 

numbers in the sequence stand for “not relevant”, “not important”, “important”, “very 

important” and “crucial” respectively. The ranking is performed simply by comparing the 

overall score of each material, which is reckoned from summation of the defined weights 

multiplied with the relevant comparative values. 

Figure 50 displays the ranking done by the application followed by the weighting shown 

in Figure 49. For dissimilar welding, the first and second ranked materials can freely be 

chosen to fulfil the intended service requirements. 
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Figure 50. Proposed materials ranked by their suitability for the design purpose (Tasalloti and 

Kah, 2016). 

The filler material is another critical aspect of the weld that determines many of the key 

properties of the welded joint, including strength, toughness, corrosion resistance and 

surface properties. Figures 51-53 show the interface of the developed application for 

selecting filler metal with a presumption of GMAW as the welding process. As shown in 

Figure 51, applicable filler metals for the selected base metals and similar or dissimilar 

welding are loaded from the database. For GMAW and the selected dissimilar parent 

metals in Figure 50, applicable filler metals include 904 L, 316 L-Si, 307 L, P 12, and 

16.55, which in this particular case are extracted from the Avesta and Esab welding 

manual (Larén, 2004) (ESAB, 2005), although other manuals can also be used.  

A guideline next to each filler metal encompassing technical information can assist the 

designer in the selection process, as seen in Figure 51. A crucial factor in dissimilar 

welding of stainless steels is the ferrite number. A fully austenitic structure would be 

desirable for improved mechanical properties and corrosion resistance. However, this 

increases the risk of solidification cracking and necessitates low heat input and accurate 

interpass temperature control. A small percentage of ferrite up to 4% would minimize this 

risk without having highly adverse effects on the toughness and corrosion resistance of 

the weld (Tasalloti, Kah and Martikainen, 2014). The ferrite number of the filler metal 

and the predicted ferrite number of the weld metal are also presented as an additional 

benchmark for decision-making, as shown in Figure 51.  
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Figure 51. Filler metals and their specifications recommended for a dissimilar weld between AISI 

2205 and S 960 QC. The interface has an option to check the WRC-1992 diagram for the weld 

and filler metal (Tasalloti and Kah, 2016). 

The ferrite numbers are acquired from the Welding Research Council (WRC) -1992 

(Kotecki and Siewert, 1992) constitution diagram using Cr and Ni equivalents presented 

in equation (3) and (4) and with an assumption of equal dilution of 15% from either of 

the parent metals in the weld. 

Creq = Cr + Mo + 0.7 Nb    (3) 

Nieq = Ni + 35 C + 20 N + 0.25 Cu   (4) 

As shown in Figure 52 and Figure 53, the ferrite numbers and solidification mode can 

also be verified on the WRC-1992 diagram using the option available on the interface, 

illustrated in Figure 51. For example, in Figure 53, a fully-austenitic solidification mode 

is probable using 16.55 austenitic filler metal and the selected base metals shown in 

Figure 50. 

 
Figure 52. 16.55 filler metal positioned on the WRC-1992 diagram (Tasalloti and Kah, 2016). 
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Figure 53. Prediction of ferrite number and solidification mode for a weld between S 960 QC and 

AISI 2205 made using 16.55 filler metal with 70% dilution (Tasalloti and Kah, 2016). 
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 Overview of the publications 

The following section provides a summary of the research publications presented as a 

part of this doctoral dissertation and related to the experiments performed, literature 

review, and the proposed DFMA-based approach and its integration with a PDM 

database. 

Publication I. Effects of welding wire and torch weaving on GMAW of S355MC and 

AISI 304L dissimilar welds. 

In this publication, dissimilar welds of austenitic stainless steel (AISI 304 L) and low-

alloy structural steel (S 355 MC), a widely used weld in the power generation industry, 

were studied. The base metal plates (5 mm thick) were welded in T-joint configuration. 

The dissimilar fillet welds were made with three different filler metals in either stringer 

or weaving mode (weaving frequency was 3 Hz). The objective was to study the macro- 

and microstructure and the hardness of the weld metal with reference to the type of filler 

metal used and the weaving or stringer bead applied. Formation of brittle martensite and 

hot cracking susceptibility in the single-phase austenite microstructure are the main 

concerns related to the metallurgy of this kind of weld. 

The microstructural and hardness properties of the dissimilar welds were characterized in 

relation to the filler metal used and the welding technique applied. The results show a 

decrease and increase in penetration on the ferritic and austenitic sides, respectively, when 

a weaving technique applied. In some samples, undercut was also observed, without a 

clear correlation to the welding technique. Some porosity was detected in the weld root 

of some samples made with the weaving technique. The porosity may be a result of 

decreased shielding efficiency when weaving is applied. The cross-sectional 

measurements of the weld samples showed lower dilution by the base metals when 

weaving was used. 

The measured ferrite numbers were very close to the predictions derived from the 

Schaeffler diagram (Schaeffler, 1948). The solidification mode for all specimens, with 

one exception, also followed the predictions made from the Suutala and Moisio approach 

(Suutala and Moisio, 1983; Brooks and Lippold, 1993). The presence of a martensitic 

layer on the ferritic side of the weld was detected in all samples. The existence of the hard 

martensite was further confirmed from the hardness measurements, which showed a sharp 

increase in hardness values close to the fusion boundary on the ferritic side. The hardness 

profiles did not provide any clear correlation between the hardness values and the dilution 

rate. 

Publication II. Laser overlap welding of Zn-coated steel on aluminium alloy for 

patchwork blank applications in the automotive industry 

In this publication, the importance of this dissimilar weld in the automotive industry was 

explained. The study discussed the application of laser welding of Zn-coated steel on 
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aluminium for tailor welded blank (TWB) and welded patchwork blank techniques in the 

automotive industry. The objective was to provide a critical review of issues related to 

dissimilar laser welding of Zn-coated steel on aluminium and obtain information 

regarding incompatibility concerns between aluminium and Zn-coated steel at the 

microstructural level. In addition, the study provides an overview of methods available in 

the literature for ameliorating mechanical and metallurgical concerns. Vaporization of Zn 

in overlap laser welding of Zn-coated steel on aluminium is the main technical difficulty 

causing process instability and defects in the weld. Another difficulty is formation of 

brittle intermetallic compounds (IMCs) that degrade the strength and mechanical 

properties of the weld. Degradation of the corrosion resistance performance, which is a 

result of losing the protective Zn layer, can also be considered a challenge in this type of 

dissimilar weld. 

One approach for preventing the problematic effects of Zn vaporization is pre-drilling of 

vent holes on the Zn-coated steel along the welding line, prior to welding. The vent holes 

facilitate the escape of Zn vapour and thus reduce spatter and porosity. A more practical 

solution would be partial vaporization of Zn using a defocused laser beam prior to 

welding. 

The study demonstrates that higher heat inputs favour the growth of IMCs. It is also 

shown that the dissimilar welds possess better mechanical properties when the thickness 

of the formed IMCs is less than 10 µm. This study shows that in addition to the thickness 

of the IMCs, other factors such as the composition and orientation of the IMCs are 

influential in defining the strength of the weld. A practical solution for reducing the 

growth of IMCs may be use of double pass welding with regulated and optimized 

parameters for preheating and welding. 

The study shows that the formation of IMCs can be restricted by using N2 as a shielding 

gas in place of Ar. This result may be due to the higher thermal conductivity of N2 

compared to Ar, as well as a probable reaction between N2 plasma and Al vapour to form 

aluminium nitride instead of Al-rich IMCs. 

For improvement of corrosion resistance of the weld, the study recommends the use of 

high density inert shielding gases for more efficient protection of the weld pool against 

oxidation. 

Publication III. Laser overlap welding of zinc-coated steel on aluminium alloy 

In this publication, dissimilar laser welding of Zn-coated steel on aluminium was 

reviewed. The main objective of the study was to provide a summary of the processing 

challenges in this type of weld, for example, spatter, cavities and cracking, as well as to 

give an overview of solutions available in the literature. This kind of weld can be used 

for local reinforcement of aluminium with patches of Zn-coated steel. However, the 

quality of the welds suffers from the aforementioned defects and formation of IMCs.  
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The study showed that a higher heat input can increase IMC formation. Generally, 

degradation of the mechanical properties can be expected when the thickness of the IMC 

layer exceeds 10 µm. The study notes that in addition to the thickness of the IMC layer, 

other factors such as the composition and orientation of IMCs as well as bonding and 

diffusion between the elements may be decisive in determining the weld strength. 

The results show that the higher heat conductivity of N2 compared to Ar can limit the 

growth of IMCs. The reaction between N2 plasma and Al vapour, which can lead to the 

formation of aluminium nitride in place of Al-rich IMCs, is another favourable effect of 

utilizing N2 as the shielding gas. 

Publication IV. An integrated DFMA–PDM model for the design and analysis of 

challenging similar and dissimilar welds 

In this publication, the deficiencies of traditional design approaches for design and 

manufacture of welded structures as regards prevention of failure during manufacturing 

or in service are explained. The existing information gap between the design and 

manufacturing stages is defined. The work describes how using traditional design 

approaches, where the metallurgical and chemical-mechanical aspects of the weld metal 

are only considered in the manufacturing stage, can result in a need for redesign and costly 

delays or failures. The objective of this study was to bridge the gap between the design 

and manufacturing phases and develop a practical model for improving the 

manufacturability and reliability of weldment design. The study also aimed to introduce 

a decision-making model that facilitates the task of designers and shortens the cycle time 

of welded products. 

The study implemented the concurrent engineering (CE) concept and employed a design 

for manufacturing and assembly (DFMA) methodology to address the above-mentioned 

deficiencies. In the study, the weld is considered as a separate design module and 

traditional DFMA is modified to enable effective utilization for design of welded 

structures. The success of a DFMA strategy relies on effective and streamlined transfer 

of data among the product development teams. Therefore, information distribution is 

required in the design phase in order to monitor and analyse not only the probable 

performance of the weldment but also the proposed welded structure.  

The study introduces an integrated view of DFMA-PDM that can resolve issues regarding 

data management among the product development teams and also enhance 

implementation of DFMA rules in the production line by companies using PDM systems. 

With this integrated DFMA-PDM model, the development and manufacturability of the 

product will be controlled and assessed in the design stage. In the integrated view of 

DFMA-PDM, the PDM side acts as a design support system through the design phase. 

The PDM system serves the model with a database of welding processes, materials, 

consumables, standards and guidelines. In addition, the PDM system is used to store and 

track changes in the weldment design. The creation and management of the product 

design data is effectively applied for the design data. The design data is shared at the right 
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time by considering the right concept in order to make sure that the design and 

manufacturing is performed in the efficient way. The DFMA side of the integrated model 

governs the database and filters the available options toward an optimal solution.  

It is shown that the proposed approach can also be used in conjunction with CAD 

applications and manufacturers’ PDM software to enhance the design of weldments and 

expedite decision making. The generic nature of the model makes it applicable to many 

welding operations if relevant databases and guidelines are prepared. 

The study also introduces an application-based selection approach that is a variation of a 

questionnaire-based approach combined with an inductive reasoning strategy. The 

method uses built-in expertise that guides the designer toward an optimum solution, 

which considerably reduces the complexity of the task and the welding-specific 

knowledge needed by the designer. 

A demo application was developed as a proof of principle and tested with Arctic 

conditions as the nominated service environment. For the specific example considered in 

the work, the application-based selection model offers easier and faster selection of 

material and filler metals and enables designers without specialized knowledge of 

welding and metallurgy to expeditiously evaluate different material and filler metal 

options. 

Publication V. A DFMA-based approach for the design of challenging welds 

In this publication, modification and adaptation of the traditional DFMA strategy for 

welding requirements is described. Traditional design processes burden welding 

engineers with a need to take into consideration metallurgical characteristics and 

incompatibilities when trying to meet requested functionality, e.g. corrosion resistance, 

ductility, strength and hardness. These material and weld considerations are usually only 

addressed when the detailed design is done, which can cause costly reworks and delays.  

The objective of the study was to take advantage of DFMA strategy and CE in 

development of a model to address such considerations at an earlier stage in the design 

and manufacturing process and facilitate decision-making procedures in weldment 

design. 

The modified DFMA methodology for welded structures can offer a solution to such late 

revisions if suitably extended to structural welding applications. In the study, in addition 

to modification of DFMA to enhance its performance in design of welded structures, an 

extended example of application-based selection in practice, for offshore construction, is 

presented using a demo application that was developed for the purposes of the study as a 

proof of principle. 

For the application considered in the work, the proposed model offers the following 

advantages: 
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 Easier and faster selection of material and filler metals. 

 Enabling of designers to evaluate different material and filler metal options 

quickly without a demand for expertise in welding metallurgy. 

 Minimized risk of failure during manufacturing and service because the built-in 

expertise constrains selection to an approved list of base and filler metals for a 

specified application. 

Publication VI. Effect of heat input on dissimilar welds of ultra high strength steel and 

duplex stainless steel: Microstructural and compositional analysis 

In this publication, dissimilar welds of direct-quenched (DQ) ultra high strength steel 

(Optim 960 QC) and duplex stainless steel (UNS S32205) are studied. The objective was 

to study the microstructural transitions of this novel dissimilar combination as regards the 

effect of heat input on the weld metals, fusion boundaries and HAZs. The work provides 

an in-depth explanation of the mechanisms involved in the variation in chemical 

composition and formation of macrosegregation in the fusion zone.  

With ultra high strength steel (UHSS), regardless of the specific welding process and 

alloy used, the main flaws include: heat affected zone (HAZ) cracking, HAZ softening, 

and degradation of toughness and ductility. These problems generally stem from 

inappropriate heat input and cooling rate, the chemical composition of the material, the 

growth of coarse grains, and variation in the proportion of ductile to brittle morphologies 

in the microstructure of the HAZ and weld. 

With duplex stainless steel (DSS), degradation of mechanical properties and corrosion 

resistance are the major issues. These problems are usually a consequence of 

inappropriate heat input and excessive thermal cycles, which can cause disproportion 

between the volume percentage of ferrite and austenite, and deleterious precipitations 

such as sigma (σ), chi (χ), and chromium nitride (Cr2N) in the fusion zone and HAZ. 

In the study, single pass dissimilar welds were made on 5 mm thick plates of a commercial 

direct-quenched UHSS, Optim 960 QC, and a DSS, UNS S32205, using fully automated 

GMAW. The plates were machined to produce single V-groove butt joint configurations 

with an angle of 60°. Removable fiberglass tape was applied as backing, and the root-

face and air gap were both zero. Butt joints were made at three different welding speeds: 

7.1 mm/s, 8 mm/s and 9 mm/s. Esab OK Autrod 16.55 (AWS A5.9: ER 385), a fully 

austenitic filler wire (1 mm diameter), was used as the filler metal, and a mixture of 98% 

Ar + 2% CO2 was supplied as a shielding gas at a constant flowrate of 15 l/min. The tip-

to-work (stick out) distance was maintained at 13 mm throughout the entire welding 

process.  

The microstructural observations of the HAZs on the ferritic side showed that higher heat 

input increased the bainitic growth. In contrast, higher cooling rate increased martensitic 

formation. On the HAZ of the duplex side, higher heat input was beneficial in austenitic 
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transformation. No trace of detrimental precipitations was detected in the microstructural 

observations.  

Different forms of macrosegregation were detected when studying the microstructure of 

fusion boundaries on the ferritic and duplex sides of the welds. Macrosegregation on the 

ferritic side resulted in formation of a martensitic band in all samples and filler-depleted 

islands in the weld specimen made with the lowest heat input. On the duplex side of the 

fusion boundary, macrosegregation appeared in the form of partially mixed and/or 

unmixed zones (PMZ/UMZ) with a distinctly different solidification mode than the bulk 

weld metal. 

The effect of different heat inputs was also noticeable in the fusion zone. In the case of 

the bulk weld metal, more granular and equiaxed austenite appeared with the higher heat 

input, while dendritic and columnar austenitic formation was observed with the higher 

cooling rates. 

The study shows that formation of macrosegregation is influenced by mismatches in the 

chemical composition and thermal properties of the base and filler metals, as well as the 

amount of heat input. The composition of the weld metal was more homogeneous when 

higher heat input was applied. With lower heat inputs, the disparity in the composition 

(i.e. Cr, Ni and Mo) was sizeable. 

Publication VII. Effect of GMAW heat input on the microstructure, mechanical and 

fatigue behaviour of dissimilar welds of ultrahigh strength steel and duplex stainless steel 

In this publication, dissimilar welds of direct-quenched ultrahigh strength steel (Optim 

960 QC) and duplex stainless steel (UNS S32205) were studied. The objective of the 

study was to investigate the effect of heat input on the microstructure, mechanical 

properties (i.e., hardness, tensile, bending, and impact toughness properties) and fatigue 

behaviour of this novel heterogeneous combination of base and weld metals. The study 

delineates the relation between the microstructural transmutation and variations in the 

mechanical properties of the weld specimens.  

In this work, as-received plates of Optim 960 QC ultrahigh strength steel and UNS 

S32205 duplex stainless steel were machined to prepare V-grooves with an angle of 60° 

in butt joint configuration. The root-face and air gap were both zero and removable 

fiberglass tapes were used for backing. Single pass welds were made on the joints using 

a fully automated GMAW machine with three different welding speeds, namely, 7.1 m/s, 

8 m/s and 9 m/s. An austenitic filler wire, Esab OK Autrod 16.55 (1 mm diameter), was 

used for the welds under a constant shielding gas (98 % Ar + 2 % CO2) at a flowrate of 

15 l/min and with a fixed tip-to-work distance of 13 mm. 

The microstructural analyses showed intense grain coarsening on the HAZ of both the 

UHSS and DSS. On the ferritic side, it was noticed that higher heat input enhanced 

bainitic transformation and more martensite was formed with higher cooling rates. 
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On the duplex side of the fusion zone, macrosegregation was noticed in the form of 

partially mixed and/or unmixed zones (PMZ/UMZ) with a different solidification mode 

than the bulk weld metal. The appearance of macrosegregation showed a direct relation 

with higher cooling rates on the fusion boundary. In the bulk weld metal, higher heat 

input favoured more granular and equiaxed austenite growth, while dendritic and 

columnar austenitic growth was detected in connection with the higher cooling rates. 

Intense grain coarsening in the HAZ of S 960 caused reduction in dislocation density and, 

consequently, a considerable reduction in the hardness close to the fusion boundary. With 

lower heat input, more martensitic transformation on the ferric side and limited austenitic 

transition on the duplex side increased the hardness in the HAZ of S 960 and S 32205, 

respectively. 

A direct correlation between harder structures of the weldments and improvement in 

tensile and yield strength was noticed. Accordingly, the highest tensile and yield strength 

were recorded for the specimen made with the lowest heat input.  

The three point bending test results were affected by the soft austenitic fusion zone. 

Although all samples passed the face bending test, accumulation of the strain in the 

narrow soft austenitic weld in root bending caused fracture in all specimens. 

The impact toughness of the specimens was well above the minimum 27 J requirement, 

both in the weld and in the S 960 HAZ. In the ferritic HAZ, excellent impact toughness 

comparable to that of the S 960 parent metal was achieved with moderate heat input. The 

excellent impact toughness may indicate the beneficial effect of a more balanced bainitic-

martensitic structure on the toughness properties. 

The fatigue test demonstrated that the fatigue strength of the samples is covered by the S-

N curve of the weaker base metal, which in this case was S 32205. Since the specimens 

were tested in as-welded condition without removal of the weld reinforcement, the fatigue 

life of the specimens was principally influenced by geometrical effects rather than 

variations in the microstructure as a result of the heat input. 
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 Suggestions for further study 

The experimental part of this dissertation work presents dissimilar welding between 

ferritic steels and stainless steel and duplex stainless steel. Only two grades of ferritic 

steels, namely, S 355 MC low alloy structural steel and Optim 960 QC direct-quenched 

ultra high strength steel, are studied, and only two grades of stainless steel, AISI 304 L 

austenitic stainless steel and UNS S32205 duplex stainless steel, were subject to 

experimental work. There are many other very popular steel grades, such as dual phase 

steels (DQ), and quenched and tempered (QT) steels, and their dissimilar joining with 

different stainless steel grades (i.e., ferritic, austenitic, duplex and martensitic) has not 

been much studied in the literature, even though such welds may be very attractive from 

an industrial perspective. Consequently, a great deal of further study into dissimilar 

welding of ferritic steels and stainless steels remains to be done. Moreover, the effect of 

shielding gas on dissimilar welds has not been taken into consideration in the presented 

studies in this work. The effect of different compositions of shielding gas on the dissimilar 

welds can be an interesting and meaningful area of study. 

The developed DFMA-based approach is only tested with a few applications and a small 

number of related base and filler metals. In addition, practical integration with PDM 

systems and characterization of a complete database to cover all guidelines related to 

welding process parameters, joint and design standards, and welding process specification 

and qualification tests are not done. Thus, the presented DFMA-PDM model can be 

considered no more than a proof of concept and further studies are required to evaluate 

the efficacy and validity of the model for other applications in terms of selection of 

materials, welding processes and filler metals, as well as data management, concept 

sharing, design reliability and manufacturability. 
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 Conclusion 

This dissertation presents a study on microstructural and mechanical behaviour of three 

types of dissimilar welds focusing on the welding process, process parameters and 

technique, and filler wires. The dissimilar welds studied are: GMAW of structural steel 

(S 355 MC) and austenitic stainless steel (AISI 304 L), laser overlap welding of Zn-coated 

steel on aluminium, and GMAW of direct quenched ultra high strength steel (Optim 960 

QC) and duplex stainless steel (UNS S32205). In addition, the study presents a new 

design manufacturing and assembly (DFMA) model. The DFMA-based approach 

developed aims to exploit the advantages of concurrent engineering (CE) in the design of 

welded structures. Integration of the presented DFMA-based approach and product data 

management (PDM) systems is discussed for implementation of the model in real world 

manufacturing and production lines. A software application-based selection approach is 

devised for enhanced decision-making in design of welded structures and selection of 

materials, welding processes, welding parameters and filler metals. The usability of the 

approach is illustrated for selection of the base and filler metals for an offshore structure. 

From study of GMAW dissimilar welds of S 355 MC and AISI 304 L, the following 

points and conclusions are noteworthy: 

 The measured dilution by the base metals was less when the weaving technique 

was applied than when using a stringer deposit.  

 In general, the measured ferrite numbers were very close to those predicted by the 

Schaeffler diagram and higher ferrite numbers were found in weldments made 

using the weaving method. 

 The presence of a martensitic region adjacent to the fusion boundary on the ferritic 

side was noticed for all weld specimens with the exception of 16.54.  

 Results seen in optical micrographs were quite consistent with predictions derived 

from the Suutala and Moisio approach and the Schaeffler diagram as regards the 

solidification mode and microstructure for all samples except 16.54 on the 

austenitic side.  

 No obvious relation between the weaving technique and the resultant 

microstructure and solidification mode were recognizable in the weld samples. 

 For 16.55, 16.55ᵂ and 316LSi, a sharp increase of hardness was detected on the 

ferritic side of the fusion boundary and close to the weld interface, which can 

indicate the presence of a martensite band within this region. 

From study of the laser dissimilar weld of Zn-steel on aluminium in overlap 

configuration, the following conclusions can be drawn: 

 Higher heat input can intensify the growth of brittle intermetallic compounds 

(IMCs). 
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  In most cases, greater mechanical strength of welds is achieved when the 

thickness of the brittle IMC layer is less than 10 µm. Besides the thickness of the 

IMC layer, other aspects such as the composition and orientation of the IMCs as 

well as bonding and diffusion between the elements may be decisive in 

determination of weld strength.  

 The use of N2 as a shielding gas can have favourable effects limiting the formation 

of brittle IMCs, thereby improving weld strength. The favourable effects may be 

due to the higher thermal conductivity of N2 compared to Ar, as well as the 

likelihood of a reaction between N2 plasma and Al vapour to form aluminium 

nitride in place of Al-rich IMCs. 

 The type of shielding gas can be influential in determining the corrosion resistance 

of the weld. Inert gases with higher density protect the molten pool against 

oxidation more effectively, which can be advantageous for the corrosion 

resistance performance of the weld. 

From study of dissimilar GMAW welds of Optim 960 QC (S 960) direct-quenched ultra 

high strength steel and UNS S32205 (S 32205) duplex stainless steel, the following 

observations are particularly noteworthy: 

 Severe grain coarsening was noticed in the HAZs on both the ferritic and duplex 

sides. Higher heat input favoured bainitic transformation on the ferritic side, while 

more martensite was observed with higher cooling rates (WS 8 and WS 9). A 

beneficial effect of higher heat input was noticed in that it enhanced the austenitic 

formation on the duplex side (WS 7.1). No detrimental precipitation was detected 

with the range of heat inputs applied. 

 Macrosegregation was the most important feature found in study of the fusion 

boundaries. Mismatches in the chemical composition and thermal properties of 

the base and filler metals as well as the amount of heat input are the main 

determinative factors in the development of macrosegregation. 

 On the ferritic side of the fusion zone, macrosegregation resulted in the formation 

of a martensitic band on the weld interface in all samples and filler-depleted 

islands in WS 9. On the duplex side, macrosegregation only appeared with higher 

cooling rates (WS 8 and WS 9). The macrosegregation appeared in the form of 

partially mixed and/or unmixed zones (PMZ/UMZ) with a different solidification 

mode than the bulk weld metal. 

 In the bulk weld metal, the higher heat input (WS 7) enhanced granular and 

equiaxed austenite formation. In contrast, dendritic and columnar austenitic 

growth was noticed with the higher cooling rates (WS 8 and WS 9). 
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 The composition of the fusion zone was more homogeneous when higher heat 

input was applied (WS 7.1). With the higher cooling rates (WS 8 and WS 9), the 

disparity in the composition (i.e. Cr, Ni and Mo) was considerable. 

 Substantial reduction in the hardness close to the fusion boundary was noticed as 

a result of coarse grain formation and reduced dislocation density in the HAZ of 

S 960. 

 With lower heat inputs, more martensitic transformation on the ferritic side and 

limited austenitic transition on the duplex side increased the hardness in the HAZ 

of S 960 and S 32205. 

 The increase of tensile and yield strength showed a direct correlation with the 

harder structure of the weldments. Consequently, the highest tensile and yield 

strength were recorded for WS 9. 

 The impact toughness of the weld samples was well above the minimum 27 J 

requirement, both in the weld and in the HAZ of S 960.  

 In the S 960 HAZ, good impact toughness comparable to that of the S 960 base 

metal was achieved with a moderate heat input (WS 8). This finding may indicate 

the advantageous effect of a more balanced bainitic-martensitic structure on the 

toughness properties. 

 The fatigue test results demonstrated that the fatigue life of the specimens is 

primarily influenced by geometrical effects rather than variation in the 

microstructure as a result of differences in heat input.  

Regarding the application-based approach and integrated view of DFMA and PDM, the 

following conclusions are important: 

 For the specific example considered in this work, the proposed model enables 

easier and faster selection of material and filler metals and empowers designers to 

expeditiously assess different material and filler metal options. However, further 

studies are essential to evaluate the efficacy and validity of the model for other 

applications in terms of selection of materials, welding processes and filler metals, 

as well as design reliability and manufacturability. 
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Abstract Dissimilar welding of austenitic stainless steel
(ASS) to low-alloy structural steel is widely used in the power
generation industry. The formation of brittle martensite and
hot cracking susceptibility in the single-phase austenite mi-
crostructure are the main concerns related to the metallurgy of
this kind of weld. This study investigates the effect of different
welding wires and the weaving technique on the quality,
microstructure and microhardness of fillet weld joints between
AISI 304L austenitic stainless steel and S355MC low-alloy
structural steel. Using robotised synergic gas metal arc
welding (GMAW), three different filler wires were used to
weld specimens with and without weaving. The macro-
sections of the fillet welds were inspected and the dilution
rates and ferrite numbers (FN) measured. The microstructure
was also inspected and microhardness values recorded. Po-
rosity was discerned in twoweld samples madewith the use of
weave beads. The measured FNs for all the weldments were
very close to estimations from the Schaeffler diagram. The
formation of a narrow martensitic band on the ferritic side of
the weld metal was detected for most of the specimens. It is
concluded that weaving decreased the dilution rate and in-
creased the FN. However, no obvious effect on the micro-
structure and hardness as a result of using the weaving tech-
nique was noticed.

Keywords Dissimilar metal welding . GMAW . Torch
weaving . Interface properties .Microstructure . AISI 304L
stainless steel . S355MC structural steel

1 Introduction

The combination of austenitic stainless steel (ASS) and low-
alloy structural steel presents favourable mechanical proper-
ties, formability, weldability, resistance to stress corrosion
cracking and other forms of corrosion [1], along with fairly
cost-effective [2, 3] manufacturing methods [4, 5]. Due to
these advantageous characteristics, such combinations of
metals are extensively utilised in the power generation indus-
try [6], as well as in petrochemical plants and architecture
[7–9].

A range of metallurgical concerns are present in the dis-
similar welding (DMW) of ASS to low-alloy structural steel.
Martensite formation on the ferritic side of the DMW interface
and the risk of hot cracking in the fully austenite microstruc-
ture on the austenitic side are the main concerns in this kind of
weld [10]. Depending on the chemical composition of the
weld metal (WM), the growth of brittle martensite can take
place both in the weld and in the heat-affected zone (HAZ) [9].
The ferrite number (FN) is another critical aspect in the DMW
of ASS to low-alloy structural steel. Ferrite can be beneficial
in reducing the tendency of cracking in the weld. However,
excessive amounts of ferrite have a detrimental effect on
corrosion resistance and the mechanical properties [11]. The
amount of ferrite can be controlled by careful regulation of the
filler metal composition and substrate dilution [12]. The aim is
to obtain stable austenite with a small amount of ferrite, a
microstructure that reduces the chance of weld solidification
cracking [2]. Approximate microstructural prediction from the
Schaeffler diagram can be made for DMW of ASS and low-
alloy structural steels [2]. Solidification behaviour and ferrite
content can be affected by the welding process and welding
parameters due to variations in the amount of heat input and
the solidification speed [13].

For GMAWwelding of ASS and ferritic steel, the effect of
torch weaving in correlation with filler material on the
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dissimilar weld has not been explicitly investigated yet. This
work concentrates on evaluating the effect of different
welding wire compositions and implementation of the weav-
ing technique on the DMW of AISI 304L to S355MC low-
alloy structural steel. Another objective of this study is to
compare the experimental results with theoretical approaches
such as the Schaeffler diagram. For these purposes, a fillet
weld was made between the two base metals (BMs) using
robotised GMAW with a synergic power control. Three dif-
ferent filler wires were used for fabricating the fillet welds by
means of weave and stringer bead for each wire separately.
The macro-sections of the weld samples were inspected for
possible defects. The penetration measurement and dilution
calculation was done for the weld samples prepared for me-
tallographic examination. FN was measured using magnetic
induction method. An optical microscope was used to inspect
the microstructures of the weld samples around the fusion
boundary on both AISI304 and S355MC sides. The hardness
variations on the cross-section of the dissimilar welds were
obtained for the weld and base metals to find evidence for the
presence of different phases.

2 Experimental procedure

Two dissimilar materials, S355MC structural steel and AISI
304L ASS, were used in fabricating the fillet weld joint in this
experiment. The BMs (5-mm thick) were welded with three
different filler wires, namely Esab OK Autrod 16.54
(EOA16.54 ), Esab OK Autrod 16.55 (EOA16.55 ) and Elga
Cromarod 316LSi (EC316LSi). These three wires were used
to weld the base materials with a robotised GMAW process.
The material specifications and the process parameters are
presented in Tables 1 and 2. Using each filler wire with either
a stringer or weave bead, two separate single pass fillet welds,

300 mm in length, were made on one side of the prepared T-
joint assemblies. Weaving frequency was 3 Hz, with ampli-
tude of 1.5 mm from the centre of the weld. Amixture of 98%
Ar+2 % CO2 with a constant flow rate of 16 l/min was used
for welding all the samples. Specimens of 25 mm in length
were cut out from the middle of the weld. The cross-sections
of the weld specimens were ground and polished using 1-μm
diamond paste. Glyceregia etchant (15 ml glycerol, 10 ml HCl
and 5 ml HNO3) was used to expose both the macro- and the
microstructure for metallographic inspection. In this study,
WMs are denominated with the last number of the building
filler wire code plus “W” when weaving was used; for in-
stance, 16.54 and 16.54W indicate a WM made from
EOA16.54 filler wire without and with weaving, respectively.

3 Results and discussion

3.1 Visual inspection

The metallographically prepared samples were inspected
using a stereo-microscope. The macro-sections of the weld
samples are shown in Fig. 1a–f. The leg size, convexity and
maximum penetration on each side of the welds are marked in
the figure. The cross-sections of the weld samples display
thorough fusion between the WM and the substrates and a
sufficient amount of penetration.

It can be seen from Fig. 1 that penetration is superior on the
austenitic side. For S355MC, penetration ranges from 1.1 to
2.2 mm, and for AISI 304L from 2.4 to 2.7 mm. The differ-
ence may be due to the lower melting point of AISI 304L (∼1,
450 °C compared to ∼154 °C) [14]. Figure 1 also shows that
penetration on the S355MC side decreases when using weav-
ing, whereas it increases on the AISI 304L side. The greater
penetration is possibly due to heat accumulation on the

Table 1 Chemical composition
(wt.%) of base materials and
welding wires

C Cr Mn Ni P S Si N Al Mo Cu

AISI 304L 0.025 18 1.57 8.1 0.033 0.002 0.4 0.044 – – –

S355MC 0.12 – 1.5 – 0.02 0.015 0.03 – 0.015 – –

EOA16.54 <0.03 21.5 1.4 15.0 – – 0.4 – – 2.7 –

EOA16.55 <0.02 20.5 1.7 25.0 – – 0.4 – – 4.5 1.4

EC316LSi 0.02 18.5 0.7 12.0 0.02 0.02 0.8 – – 2.7 0.1

Table 2 Welding parameters for
dissimilar welding: wire diameter
(Ø), wire feed speed (VW),
welding current (I), welding volt-
age (U), travel speed (v) and heat
input per unit length of weld (Q)

Wire Ø (mm) vw (m/min) Stick-out (mm) I (A) U (V) v (mm/s) Q (kJ/mm)

EOA16.54 1.2 11.2 20 260 24.5 8.4 0.61

EOA16.55 1 11.4 17 227 24 7.5 0.58

EC316LSi 1 11.4 17 227 24 7.5 0.58
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austenitic side because of its lower degree of heat conductiv-
ity. In contrast, the decreased penetration on the S355MC side
is probably a result of faster heat dissipation due to weaving
and the higher heat conductivity of S355MC. The maximum
measured convexity, as can be seen in Fig. 1b, was 0.75 mm
for 16.54W. For 16.55 and 316LSi , undercut with a depth of
0.4 and 0.2 mm, respectively, was detected, which can be seen
in Fig. 1c, e. Yongjae et al. [15] have shown through their
numerical method that the heat input concentrates at the
weaving end, which can cause undercut. However, such a
result was not observed in this experiment. Minor undercuts
were also detected in the stinger welds.

Porosity was detected in 16.54W and 316LSiW, observable
in Fig. 2a, b. The diameter of the pores is about 50 μm for the
smallest one and 200 μm for the biggest one, found in 16.54W.
The pores were situated at the root of the weld. Both samples
were made with weaving and the porosity may result from the
lower efficiency of the shielding gas when weaving is used
[16].

3.2 Dilution rate

Dilution levels were calculated measuring the geometric
cross-sectional areas of the deposited filler metal and melted
BMs, presented in Table 3. In Fig. 3, the overall dilution rate

ofWMs by BMs are shown and compared. From this figure, it
is obvious that dilution is less when using the weaving tech-
nique compared to the stringer deposit. This is consistent with
expectations since it is known that weaving reduces the dilu-
tion rate in BMs [17, 18]. Lower dilution, especially
concerning S355MC, is very important. If the weld is heavily
diluted by the structural steel, it may solidify as fully austenite
or primary austenite because of insufficient ferrite potential in
the filler metal, causing an increase in the potential for
solidification cracking [2].

3.3 Schaeffler diagram

Schaeffler diagram is sensibly accurate for most 300-series
alloys to predict weld behaviour when using conventional
welding processes [2]. Figure 4 shows the composition of
16.54 , 16.55 and 316LSi plotted on the Schaeffler diagram
[19], using the dilution rates derived from Table 3. As can be
seen in this figure, the phases present in 16.54 are anticipated
to be austenite, ferrite and martensite. The ferrite content of
16.54 is predicted to be 2 %. In similar fashion, the expected
microstructures for 16.55 are austenite and martensite, where-
as the ferrite content is predicted to be zero. The phases
present in the 316LSi are expected to be ferrite, austenite
and martensite, with a ferrite content of 6 %.

Fig. 1 Macrostructure of weld
cross-section after etching (a)
16.54 , (b) 16.54W, (c) 16.55 , (d)
16.55W, (e) 316LSi, (f) 316LSiW

Fig. 2 Porosity in dissimilar
weldments (a) 16.54W and (b)
316LSiW
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3.4 Ferrite number

The FN was volumetrically measured using a standard ferrite
scope device. The measurement was done for five selected
points located along the sectioned WM and around the weld
axis. The maximum, minimum and average values recorded
from the measurements are shown in Fig. 5. The figure also
presents a comparison of the recorded FNs and the predicted
ferrite content derived from the Schaeffler diagram.

The measurements for 16.55 and 16.55W show the FN to
be near to zero, consistent with predictions from the Schaeffler
diagram. This is due to the high Ni contents of EOA16.55 , a
strong austenite stabiliser element. Figure 5 shows that for
16.55 , 16.55W and 316LSiW, the measured FNs are very close
to those predicted by the Schaeffler diagram. For 16.54 ,
16.54W, the measured FNs are higher than predicted. This
may be due to the variations in the welding parameters.
Another noticeable point of interest in Fig. 5 is the higher
FN found in weldments made using the same filler wires but
with the weaving method. One possible explanation may be
that faster solidification occurs, since weaving spreads the
heat out from the arc and deposits metal over a less concen-
trated area [15, 18]. The faster the solidification, the less ferrite

can be transformed to austenite in the primary ferritic solidi-
fication mode.

3.5 Microstructure

The connection between solidification behaviour and Creq/
Nieq was established by Suutala and Moisio [13, 20]. Figure 6
shows the composition of the welding wires plotted on the
Suutala and Moisio diagram [13, 20] using the shown coeffi-
cients of Nieq and Creq. The Nieq and Creq delineate the
solidification mode satisfactorily for most conventional 300-
series alloys welded under normal arc-welding conditions
[13]. This diagram outlines the four solidification types as
follows: single-phase austenite (“A”), primarily austenitic
with a small fraction of eutectic ferrite (“AF”), primary ferrite
with the peritectic/eutectic solidification of austenite (“FA”)
and single-phase ferrite (“F”) [13]. From this diagram, the
expected solidification mode for EOA16.55 is type “A” and
for both EOA16.54 and EC316LSi , it is “FA.”

Figures 7, 8, 9, 10, 11 and 12 show optical micrographs of
the weld between S355MC and AISI 304L made with the
different welding wires. In these figures, the bright zones are
austenite and the dark zones ferrite, as revealed by the etching
for the AISI 304L and welds. Figure 7a, b illustrates the
microstructure between 16.54 and the austenitic and ferritic
BMs, respectively. Figure 7a shows type “AF” solidification
during which a small amount of second-phase ferrite, further
away from the fusion line, has formed. The microstructure is
quite similar to that of the single-phase austenite, except that
ferrite particles are present at the cell boundaries. Some solid-
state transformation has also occurred, leaving isolated
spheres of ferrite at the cell or dendrite walls [21]. The pres-
ence of ferrite stringers in some of the austenite grains within
the substrate close to the HAZ can be seen in Fig. 7a. The
ferrite stringers have expanded and grown in places close to
the fusion boundary. This expansion is most likely due to
rapid cooling after the formation of delta ferrite during the
heating cycle, which results in a higher amount of ferrite being
retained [22].

Figure 7b shows a type “FA” solidified alloy. Adjacent to
the fusion line, skeletal (or vermicular) structures of ferrite can
be seen. Skeletal ferrite forms when weld cooling rates are
moderate and/or when Creq/Nieq is low but still within the
“FA” range (see Fig. 6) [21]. Figure 7b also reveals ferrite
located at the cell cores in intercellular austenite [21]. During
solidification, the development of the austenite phase con-
sumes the ferrite until the ferrite is sufficiently enriched in
ferrite-promoting elements and depleted in austenite-
promoting elements, stabilising the ferrite at lower tempera-
tures [2]. The presence of a martensite layer adjacent to the
weld interface, where the composition varies continuously
from that of the ferritic steel to that of the austenitic WM
[23], was also detected and is shown in Fig. 7b. At the fusion

Table 3 Dilution percentage of FMs and BMs in theWM and the overall
dilution rate of the WM by substrates

Classification Wire S355MC AISI 304 Overall

16.54 66.77 16.14 17.09 33.23

16.54 W 72.28 12.43 15.28 27.72

16.55 68.66 9.83 21.51 31.34

16.55 W 71.37 8.32 20.31 28.63

316 LSi 71.12 10.94 17.94 28.88

316 LSi W 74.34 6.93 18.73 25.66

Fig. 3 Overall dilution of the deposited weld by substrates
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boundary of the S355MC, the microstructure exhibits a nar-
row dark line, seen in Fig. 7b. This most likely corresponds to
a carburised Cr-rich structure in the austenitic WM [22] ad-
hering to the fusion boundary.

Figure 8a, b shows “FA” solidification with 16.54W.
Lathy ferrite and skeletal ferrite are indicated. Lathy
ferrite forms when cooling rates are high and/or when
Creq/Nieq increases within the “FA” range. The lathy
morphology forms in place of the skeletal morphology as a
result of limited diffusion during the ferrite–austenite
transformation [2].

Figure 9a presents the microstructure of 16.55 and
AISI 304L. Type “A” solidification is apparent. The
single-phase austenite cells and dendrites are clearly
apparent. This figure shows that the overall appearance
of the microstructure is a regular array of austenite cells
appearing as a hexagonal mesh, and some of the aus-
tenite cells emerge as long parallel dendrites [21].

The microstructure of 16.55 at the ferritic side of the joint
with type “FA” solidification is shown in Fig. 9b. The ver-
micular structure of ferrite dendrites is apparent, and lathy

ferrite can be seen in this figure. Figure 9b also shows the
formation of a narrow band of martensite along the weld
interface. Additionally, a dark band inside the weld close to
the fusion line was detected that could represent a Cr-rich
carbide structure.

Figure 10a, b illustrates the microstructure of 16.55W with
type “A” solidification for both the austenitic and ferritic
sides; the austenite cells are clearly visible. Figure 10b also
depicts the formation of thin martensitic boundaries alongside
the weld interface and the formation of a carburised band at
the fusion line.

Figure 11 shows the micrograph of 316LSi between
S355 MC and AISI 304L with the “FA” solidification
mode at the root of the weld. The rather thick layer of
martensite formed in the weld deposit along the fusion
line makes this micrograph distinctive from the previous

Fig. 4 Composition of the base
metals, welding wires and weld
metals plotted on the Schaeffler
diagram, dilution rates are
experimentally measured

Fig. 5 Ferrite number measured for different weldments and predicted
from the Schaeffler diagram

Fig. 6 Composition of welding wires plotted on the Suutala and Moisio
diagram [13]
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micrographs. This thick martensitic structure makes the
weld brittle, and, as seen from this figure, some micro-
cracks are discernible within this martensitic area.

Figure 12a, b illustrates the microstructure of 316LSiW

with type “FA” solidification; lathy and vermicular ferrite,
the two typical ferrite morphologies for this solidification
mode, are clearly apparent. The retention of some delta ferrite
in the weld is also observable. In Fig. 12b, the formation of a
carburised band at the weld interface is visible. A thin band of
martensitic structure is also observed along the fusion line and
in the weld deposit region.

As can be seen from these results, the predicted microstruc-
tures for all the samples are quite consistent with the optical
micrograph results. Furthermore, the solidification mode for
16.54W, 16.55 , 16.55W, 316LSi and 316LSiW precisely fol-
low the predictions derived from the Suutala and Moisio
approach. However, the expected solidification mode contra-
dicts the observed results for 16.54 on the austenitic side. In
addition, the micrographs reveal no obvious relation between
the dilution rate and martensite formation. Correspondingly,
no effects of the weaving technique on the solidification mode
and microstructure are recognisable.

Fig. 7 Optical micrograph of the
weld zone: interfaces between the
weld and base metals a 16.54 and
AISI 304L, b 16.54 and S355MC

Fig. 8 Optical micrograph of the
weld zone: interfaces between the
weld and base metals a 16.54W

and AISI 304L, b 16.54W and
S355MC

Fig. 9 Optical micrograph of the
weld zone: interfaces between the
weld and base metals, a 16.55
and AISI 304L, b 16.55 and
S355MC
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3.6 Microhardness

The microhardness across the welds was evaluated using a
digital Vickers microhardness tester. All hardness indents
were made with 500-g force (4.905 N). Figure 13 compares
the measured hardness values for welds made with and with-
out the use of weaving. As can be seen from the figure,

microhardness nearly follows the same pattern for both
methods with the same welding wire. For all the samples,
the hardness of the weld is inferior to that of the AISI 304L
base steel, with some exceptional points. This can be attribut-
ed to the presence of a higher amount of a strong austenite
stabilising element, such as Ni [24].

For 16.54 , 16.54W, 16.55 and 316LSi , there is a large and
sharp increase in hardness on the ferritic side adjacent to the
weld interface that can be evidence of martensite formation,
shown in Fig. 13a, b. These results are consistent with the
optical micrograph findings.

From the predicted ferrite content, microstructure and mea-
sured FNs, it can be expected that the hardness values will be
the highest for 316LSi , 16.54 and 16.55 , respectively, both
with and without the use of weaving. As can be seen in
Fig. 13, the results are quite consistent with the expectations.

It is claimed that the hardness of the weld metal depends on
the amount of substrate dilution [17]. However, for the weld
samples in this study, no explicit relation between the dilution
ratio and hardness values was distinguished that could indi-
cate low or non-critical dilution in the weld samples. Never-
theless, it seems that the variations in the hardness distribution
profiles are smoother with the weaving method than with the
string weld samples (Fig. 13a, b). This might be due to the
lower dilution of the BMs and the more homogeneous com-
position of the weld in welds done with weaving.

Fig. 10 Optical micrograph of
the weld zone: interfaces between
the weld and base metals a
16.55W and AISI 304L, b 16.55W

and S355MC

Fig. 11 Optical micrograph of the weld zone: interfaces between the
weld and base metals, 316LSi and both AISI 304L and S355MC

Fig. 12 Optical micrograph of
the weld zone: interfaces between
the weld and base metals, a
316LSiW and AISI 304L, b
316LSiW and S355MC

Int J Adv Manuf Technol (2014) 71:197–205 203



4 Conclusions

The present study was conducted to investigate influence of
different welding wires and torch weaving on the quality,
microstructure, and microhardness of fillet weld joints be-
tween AISI 304L and S355 MC. The following conclusions
are drawn from the present study:

1. Weaving decreased penetration on the S355MC side and
increased penetration on the AISI 304L side. The increase
in penetration might be due to heat accumulation on the
austenitic side because of its lower heat conductivity. In
contrast, the decrease in penetration on the S355MC side
is probably a result of faster heat dissipation due to weav-
ing and the higher heat conductivity of S355MC.

2. Undercut was detected with 16.55 and 316LSi . No con-
nection between weaving and the undercut defect was
found, and minor undercuts were also detected in the
stringer weld.

3. Some pores were found at the weld root of 16.54W and
316LSiW. This porosity may be a result of the lower
efficiency of the shielding gas when weaving is used.

4. The measured dilution by the BMs was less when the
weaving technique was used compared to the stringer
deposit.

5. In general, the measured FNs are very close to those
predicted by the Schaeffler diagram, especially for
16.55 , 16.55W and 316LSiW. Higher FNs were found in
the weldments made using the weaving method. This
might be a result of faster solidification.

6. All the weld samples, except for 16.54W, exhibited the
presence of a martensitic region adjacent to the fusion
boundary on the ferritic side. The presence of microcracks
was also discerned within the martensitic structure of the
316LSi .

7. The predictions derived from the Suutala and Moisio
approach for the solidification mode and the predicted

microstructures from the Schaeffler diagram were quite
consistent with the optical micrograph results for all the
samples, except for 16.54 on the austenitic side. No
obvious relation between the effects of the weaving tech-
nique on the solidification mode and the microstructure
were recognisable from the microstructural analysis.

8. For 16.54 , 16.54W, 16.55 and 316LSi , a sharp increase in
hardness was observed on the ferritic side and around the
fusion interface, which may reflect the presence of mar-
tensite within this region. Based on the microhardness
test, no explicit relation between the dilution rate and
hardness values was distinguished for the weld samples.
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Abstract. The new generation of cars have to fulfil the strict regulations regarding fuel consump-
tion and gas emission. Thus, lightweight structures are becoming an increasingly critical target
in the car body design. At the same time, other indispensable design obligations, such as safety,
ride quality and affordability, also have to be met. Tailor welded blank (TWB) and welded patch-
work blank techniques have been extensively used in the automotive industry as an effective way
of weight reduction and stiffness improvement. TWBs capacitate further weight and strength
optimisation in design by integrating sheets of different materials with different thicknesses and/
or coatings into one part. Local reinforcement with welded patchwork blanks also contributes to
the weight reduction and crashworthiness of the car body. The laser welding of tailored and
patchwork blanks made of galvanised steel and aluminium is widely used in the automotive
industry. The weld between Zn-coated steel and aluminium commonly suffers from defects such
as spatter, cavity and crack. The vaporisation of Zn is commonly known as the main source of
instability in the weld pool and cavity formation, especially in a lap joint configuration. Cracks are
mainly due to the brittle intermetallic compounds growing at the weld interface of aluminium and
steel. This study provides a review on the main metallurgical and mechanical concerns regard-
ing laser overlap welding of Zn-coated steel on Al-alloy and the methods used by researchers to
avoid the weld defects related to the vaporisation of Zn and the poor metallurgical compatibility
between steel and aluminium.

1. INTRODUCTION

Automakers around the world have focused their
efforts on developing cars with lightweight structures
to reduce the energy consumption and environmen-
tal impact of vehicles. In 1964 the concept of tailor
welded blank (TWB) was introduced to the automo-
tive industry, as a new way of manufacturing body
panels, in order to reduce the weight of structures
and improve the body stiffness [1,2]. TWBs enable
designers to include different sheets of different
thicknesses and material characteristics into one
part, prior to forming, to optimise their design for
weight and strength [3].

TWBs became more attractive to the automo-
tive industry when the laser welding process was
intr]duced in the 198&s [2–4]. The significant ad-
vancements in laser sources and systems, over the
past few decades, have evolved laser welding to an
indispensable manufacturing process in the auto-
motive industry [2,5,6]. Laser welding has been in-
creasingly used for tailored blank applications be-
cause of its benefits such as high welding speed,
high precision, low heat input and ease of automa-
ti]n [6–1&]. CO

2
 and Nd:YAG laser were tradition-

ally the welding processes mainly used for TWB
applications [3]. However, over the past few years,
fibre laser has ev]lved as the aut]makers’ prime
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choice for welding applications because of its high
power, excellent beam quality and high energy effi-
ciency [2,11,12].

Galvanised steels have been extensively used
in exposed car body panels to increase corrosion
resistance [13,14]. The thickness of zinc-coating,
in galvanised steels, is usually less than 10 m on
each side of the steel. Occasionally, steels with a
coating thicker than 20 m have been used for im-
proved protection [15,16]. Currently, laser butt and
lap welding of Zn-coated steels are broadly used in
the automotive industry for tailored and patchwork
blank applicati]ns [15–18].

The vaporisation of Zn due to its low boiling tem-
perature (906 °C) is the main issue reported during
the laser welding of galvanised steel. The
vaporisation is particularly problematic in lap joint
setups because of the restriction of Zn vapour vent-
ing [3,13,14]. The intense pressure of Zn vapour within
the keyhole can cause an unstable and violent flow
of the melting pool, resulting in the formation of spat-
ter, cavities and craters [19–21].

TWBs of aluminium alloy and Zn-coated steel
have been considered as a cost-effective solution
to the car body mass reduction and to the increase
of the structure strength [8]. Galvanised steels are
also used for reinforcement purposes in patchwork
blanks [2]. The laser welding of Zn-coated steel to
Al has been studied by many researchers
[13,14,17,22]. However, it is still very difficult to
achieve a defect-free and high-strength weld. The
difficulties arise from the differences in the thermo-
physical properties of the two base metals and the
formation of brittle intermetallic compounds (IMCs)
because of poor miscibility and solubility of steel
and aluminium.

Brittle IMCs can reduce the weld strength by
inducing cracking in the weld [23]. In the current
study, the above-mentioned challenges are ex-
plained and their effects on the weld quality and
strength are discussed. This study also provides
an overview of the approaches proposed by different
researchers to minimise the adverse effects of the
pre-mentioned challenges and to improve the
strength and quality of the weld between galvanised
steel and Al alloy.

2. TAILOR WELDED BLANKS AND
PATCHWORK BLANKS

Tailor welded blanks (TWBs) are made of two or
more sheet metals, with different thicknesses,
shapes, mechanical properties and/or coatings that
are butt-welled together prior to forming [2,24,25].
TWBs are increasingly used with rather complex
designs to minimise the weight and to optimise the
engineering properties and cost of car body panels
[3,6,26]. Another type of tailored blank is called
patchwork blank which is commonly used for local
reinforcement applications in the auto-body struc-
tures. A welded patchwork blank is made of one or
more pieces of reinforcing sheet metal (patches)
lap-welded onto the mainsheet. A comparison be-
tween laser welded patchwork and tailored blanks
is schematically shown in Fig. 1.

Currently, laser welding is the most often used
welding process for TWBs and welded patchwork
blanks [24,25,27]. Some of the various applications
of TWBs and patchwork blanks include the rein-
forcement of rails and pillars, inner door panels,
cross-rail bumpers, floor panels and wheel hous-
ings [2,24,28]. The main applications of TWBs and
patchwork blanks are illustrated in Fig. 2.

3. LASER LAP WELDING OF Zn-
COATED STEEL ON AL ALLOY

To increase the corrosion resistance and durability
of car body panels, Zn-coated steel sheets,
galvanised or galvannealed, are increasingly used
in the automotive industry [30]. The demand for en-
vironmentally friendly cars has made the manufac-
turers to reduce the overall weight of the vehicles.
For this purpose, steel parts in the car body struc-
tures are progressively replaced with Al alloys [31].
However, making an all-aluminium car may not be a
feasible solution due to the affordability concerns
and because of the poor formability and insufficient
fracture resistance of Al products [8,32,33]. The
combination of Zn-coated steel and Al is a promis-
ing alternative to meet the design requirements in
terms of safety, pollution and cost. Recently, the
lap welding of Zn-coated steel on Al has been com-

Fig. 1. Schematic of (a) laser welded patchwork blank and (b) laser welded tailored blank.
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Fig. 2. The main applications of tailor welded blanks and patchwork blanks in a car-body, reprinted with
permission from ArcelorMittal Tailored Blanks, Merelbeke, Belgium, www.arcelormittal.com.

monly used for the manufacture of car doors [10,15].
Laser welding is the most preferred process in the
automotive industry because of its high speed, low
heat input and ease of interface with robots [15,30].

Laser has been studied by many researchers
for overlap welding of Zn-coated steels with Al al-
loys [13,14,17,22] or un-coated steel on Al alloys
[7,32,34–39]. Despite successful achievements in
the laser welding of Zn-coated steel on Al in lap
joint setup, producing a defect-free weld can be still
very challenging, especially under high welding
speeds [8]. The formation of defects, such as po-
rosity, spatter and the brittle intermetallic compound
(IMC) layer at the weld interface are the main is-
sues concerning the laser welding of Zn-coated steel
on Al alloy [32,40,41].

During the laser welding of Zn-coated steel on
Al, Zn vapour causes instability in the melting pool,
resulting in spatter, p]r]sity and crater defects [19–
21]. The vaporisation of Zn is almost inevitable be-
cause the boiling point of Zn (906 °C) is consider-
ably lower than that of Al (2520 °C) and Fe (1538
°C) [8].

Different approaches have been suggested in the
literature to reduce the porosity occurring in the la-
ser lap welding of Zn-coated steels. Milberg et al.
[13] proposed the use of a bi-focal hybrid laser which
combines an Nd:YAG laser with a high power diode
laser to increase the robustness of laser welding.

Pre-drilling vent holes along the welding line was
suggested by Chen et al. [15] and Gualini et al.
[42]. Chen et al. [15] claimed that the vent hole
method allowed a proper outflow of Zn vapour. More-
over, a considerably strong weld was produced by
the riveting mechanism. The rivet-shaped weld pro-
duced in this experiment can be seen in Fig. 3.

Li et al. studied the use of a commercial purity
Al foil between the frying surfaces of Zn-coated steel.

Fig. 3. Laser lap-welded sheets using vent hole pro-
duced rivet-shaped welds (welding parameter: 1.5
kW CO

2 
laser, 7.62 m/min), reprinted with permis-

sion from W. Chen, P. Ackerson and P. Molian //
Mater. Des. 30 (2009) 245, (c) 2009 Elsevier.
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They used Al foil as a process stabiliser in high-
speed keyhole welding. The test was based on the
hypothesis that the reaction between Al and Zn pre-
vents the evaporation of Zn by forming Al-Zn which
has a higher boiling point than Zn and remains in
the crevice. It was claimed that the addition of Al foil
resulted in a considerable improvement in the sta-
bility of welding and a significant reduction in poros-
ity [14].

Amo et al. [20] and Graham et al. [43] proposed
keeping a gap between the surfaces to be welded
to let the evaporated Zn escape from the gap. Amo
et al. [20] reported a successful weld without any
cracks or porosities, using a gap opening of no more
than 0.1 mm. However, this method may not be
proper for production environments [30].

Chen et al. [10] tried the use of double pass
laser welding with a defocused beam. Welding was
performed in the first pass with a focused laser
beam, and then a defocused beam was applied for
the second pass. Double pass welding was per-
formed using either Ar or N

2 
as a shielding gas. The

weld pool was reported unstable and spatter was

Fig. 4. Comparison between weld appearances produced from (a) a single pass and (b) double pass fibre
laser welding with N

2
 shielding gas, (first pass welding parameters: 650 W, 100 mm/s, f.p.p. of 0 mm,

second pass welding parameters: 200 W, 75 mm/s, f.p.p. of +2 mm), reprinted with permission from H.C.
Chen, A. J. Pinkerton, L. Li, Z. Liu and A.T. Mistry // Mater. Des. 32 (2011) 495, (c) 2011 Elsevier.

Fig. 5. Backscattered electron image of the cross-section of the weld made using laser double pass
welding with (a) Ar gas and (b) N

2
 gas, (first pass welding parameters: 650 W, 100 mm/s, f.p.p. of 0 mm,

second pass welding parameters: 200 W, 75 mm/s, f.p.p. of +2 mm), reprinted with permission from H.C.
Chen, A. J. Pinkerton, L. Li, Z. Liu and A.T. Mistry // Mater. Des. 32 (2011) 495, (c) 2011 Elsevier.

observed with both the Ar and N
2 
gases. According

to this experiment, applying a second pass weld
with a defocused laser beam improved the weld
appearance, shown in Fig. 4.

A higher risk of porosity has been found to exist
when a higher density gas is used, because the
gas is more likely of being trapped in the keyhole
and the weld after solidification [44]. However, Chen
et al. [10] reported porosity and crack in the weld
produced with double pass laser welding using ei-
ther N

2
 or Ar gas, without any obvious relation be-

tween the type of gas used and the porosity found
in the weld samples, seen from Fig. 5.

Ma et al. [8] proposed two-pass laser welding
for producing a lap joint between Zn-coated high-
strength steel and Al alloy. For the first pass, they
used a defocused laser beam to preheat the com-
ponents and to partially melt and vaporise the zinc
coating of the galvanised steel sheet. Then, weld-
ing was performed with a focused beam in the sec-
ond pass. They reported that a defect-free lap joint
with partial penetration was produced with the use
of two-pass laser welding. They also stated that the
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Fig. 6. Shear strength of the laser welded lap joint
between low-carbon galvanised steel and AA2024
aluminium alloy using fibre laser (spot diameter: 13
mm, power density: 4.52 kW/cm2, (a) travel speed:
0.3 m/min, (b) travel speed: 0.45 m/min), reprinted
with permission from S. Meco // Int. J Adv. Manuf.
Technol. 67 (2013) 647, (c) 2012 Springer.

process was very stable and almost no spatter,
crack or blowholes were present in the welds.

As was mentioned before, another concern in
welding Al and steel is the gr]wth ]f brittle Fe–Al
intermetallic compounds (IMCs) within the welds as
a result of poor solid solubility of the Fe element in
Al [7,31,34]. IMCs consist of ductile Fe-rich and
brittle Al-rich phases. FeAl and Fe

3
Al belong to Fe-

rich phases, whereas Al-rich phases include FeAl
2
,

Fe
2
Al

5
, FeAl

3
, and Fe

4
Al

13
 [35,45–47]. Brittle Al-rich

IMCs have a deteriorative effect on the mechanical
performance of the weld and can induce cracks within
the fusion zone [31]. The type and morphology of
IMCs are highly dependent on the type of steel and
aluminium alloy; even small variations in the melt-
ing temperature, the fluidity of the molten pool, sol-
ute diffusivity and thermal conductivity can affect
the kinetics of intermetallic phase formation [32].

Ozaki et al. [45] proposed laser roll welding to
reduce the effect of IMCs. This method combines a
CO

2
 laser and a roller compressing the frying sur-

faces of the Al alloy and Zn-coated steel to be
welded. The idea behind this technique was to
minimise the formation of brittle IMCs by shorten-
ing the heat cycle and increase the heat transfer
rate between the contacting surfaces under pres-
sure. They produced a weld with a maximum shear
strength of 162 N/mm when the welding speed was
8.3 mm/s and the roller pressure was set to 150
MPa. They also reported that the shear strength

declines when the thickness of the IMC layer ex-
ceeds 10 m. It has also been reported that when
the thickness of the IMC layer is less than 10 m
the specimen under a shear test fails in the base,
not in the weld [45,48,49].

Meco et al. [31] studied the use of fibre laser for
the conduction welding of Al to Zn-coated steel in
overlap configuration. They stated that using con-
duction mode laser welding enabled them to con-
trol the heat input and thereby control IMC forma-
tion. They also reported that shear strength in the
Zn-coated steel and Al joint was higher when a higher
energy density was used, seen in Fig. 6. This could
be contrary to the assumption that a higher heat
input can increase the formation of IMCs and cause
degradation in the mechanical strength of the weld
[10]. They concluded that mechanical strength is
not solely dependent on the thickness of the IMC
layer. Instead, a combination of the intermetallic
layer thickness and its composition, the orientation
of IMCs, as well as bonding and diffusion between
the elements can affect the mechanical strength
[31].

Chen et al. [10] reported a considerable reduc-
tion in IMCs as a result of using N

2 
shielding gas in

the fibre laser welding of Zn-coated steel on Al al-
loy. They also noticed lower variations in hardness
in the fusion zone when N

2 
gas was used which can

also indicate less IMC formation. They stated that
a higher shear strength was obtained with N

2
 gas

than with Ar, observable in Fig. 7. This can be attrib-
uted to the higher thermal conductivity of N

2
 com-

pared to Ar that can increase the cooling rate of the
melt pool during laser welding. The increased cool-
ing rate can reduce the extent of heat flow and diffu-
sion activity in the melt pool. Thus, the base mate-
rials will be mixed in a limited degree and the growth
of IMCs will be obstructed, leading to even more
hardness distribution and improved shear strength
[50]. The reactivity of N

2
 plasma with Al can also be

beneficial in limiting the extent of Al-rich intermetal-
lic phases, particularly in laser keyhole welding. The
reaction between the vaporised Al and ionised N

2

leads to the formation of aluminium nitride AlN [10,44
51] in the weld in replace ]f Fe–Al intermetallics
[10].

Ma et al. [8] claimed that controlled preheating
and welding parameters during double-pass laser
welding of Zn-coated steel and Al, can limit the thick-
ness of Al-rich IMCs to around 5 m. They found
that too much heat input during preheating can en-
tirely remove the Zn-coating which makes the weld
pr]ne t] the f]rmati]n a Fe–Al layer. They declared
that a lower heat input during the welding process
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resulted in a higher shear strength. They also claimed
that the presence of Zn in the IMCs could improve
the strength of the welded lap joint between Zn-
coated steel and Al.

Corrosion resistance is a principal requirement
of the welded joint between Zn-coated steel and Al.
The corrosion resistance of the weld can be mainly
affected by microsegregation, the growth of inter-
metallic phases, loss of Zn due to vaporisation and
defects [52,53]. The degradation of corrosion per-
formance can occur within the fusion and heat-af-
fected zones due to intergranular corrosion and seg-
regation or the growth of a secondary phase
[10,53,54]. It is known that inert gases with a higher
density can provide better protection over the melt
pool against oxidation and loss of alloying elements
[15]. It has been reported that weld samples made
with Ar shielding gas showed better corrosion re-
sistance than with N

2
 gas [10]. This can be due to

the higher density of Ar that protected the base
metals more efficiently against oxidation [10]. Gen-
erally, the prevention of the weld defects and
smoothness of the weld surface can be considered
as an effective way to improve the corrosion resis-
tance of the weld [10,53,55].

4. CONCLUSIONS

In this study the application of tailor welded blanks
(TWBs) and patchwork blanks in the weight reduc-

tion and reinforcement of car-body panels was ex-
plained. The main issues associated with the laser
lap welding of zinc-coated steel on aluminium, which
is commonly used in patchwork blank applications
for the manufacture of car bodies were discussed
and different approaches presented in the literature
to avoid these issues were reviewed. The main con-
clusions are:

Pre-drilling vent holes along the welding line can
let the Zn vapour to escape and eliminate the risk of
porosity in the weld. Keeping a gap between the
surfaces to be welded can be another solution for
venting Zn vapour. A more practical solution would
be using a defocused laser beam to partially re-
move the Zn layer and to preheat the top surface,
followed by second-pass welding with a focused laser
beam.

Higher heat input can expedite the growth of
brittle intermetallic compounds (IMCs). Generally,
a higher mechanical strength of welds has been
achieved when the thickness of the brittle IMC layer
has been less than 1& µm. Besides the thickness
of the IMC layer, other factors such as the compo-
sition and orientation of IMCs, as well as bonding
and diffusion between the elements may be deter-
mining the weld strength. Double pass welding with
optimised parameters for preheating and welding can
be a workable solution to the formation of a brittle
IMC layer.

The use of N
2
 as a shielding gas can have ben-

eficial effects as to the formation of brittle IMCs,
thereby improving the weld strength. This may be
due to the higher thermal conductivity of N

2 
com-

pared to Ar as well as the likeliness of reaction be-
tween N

2
 plasma and Al vapour to form aluminium

nitride instead of Al-rich IMCs.
The type of shielding gas can have influence on

the corrosion resistance of the weld. Inert gases
with higher density can protect the molten pool
against oxidation which may benefit the corrosion
resistance performance of the weld.
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Abstract 

Local reinforcement of aluminum with laser welded patches of zinc-coated steel can effectively contribute to crashworthiness, 
durability and weight reduction of car body. However, the weld between Zn-coated steel and aluminum is commonly susceptible 
to defects such as spatter, cavity and crack. The vaporization of Zn is commonly known as the main source of instability in the 
weld pool and cavity formation, especially in a lap joint configuration. Cracks are mainly due to the brittle intermetallic compounds 
growing at the weld interface of aluminum and steel. This study provides a review on the main metallurgical and mechanical 
concerns regarding laser overlap welding of Zn-coated steel on Al-alloy and the methods used by researchers to avoid the weld 
defects related to the vaporization of Zn and the poor metallurgical compatibility between steel and aluminum. 
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Keywords: automotive industry; tailor welded blank (TWB); laser welded patchwork blanks; lightweight structure; Zn-coated steel; galvanized 
steel; aluminium alloy; dissimilar weld 

1. Introduction

Automakers around the world have focused their efforts on developing cars with lightweight structures to reduce
the energy consumption and environmental impact of vehicles. In 1964 the concept of tailor welded blank (TWB) was 
introduced to the automotive industry, as a new way of manufacturing body panels, in order to reduce the weight of 
structures and improve the body stiffness (Ono et al. 2004), (Eva et al. 2012). TWBs enable designers to include 
different sheets of different thicknesses and material characteristics into one part, prior to forming, to optimize their 
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design for weight and strength (Reisgen et al. 2010). Patchwork blank is a variation of tailored blank which is 
commonly used for local reinforcement applications in the auto-body structures. A welded patchwork blank is made 
of one or more pieces of reinforcing sheet metal (patches) lap-welded onto the mainsheet. The potential applications 
of TWBs and patchwork blanks are illustrated in Fig. 1. 

 

Fig. 1. The main applications of tailor welded blanks and patchwork blanks in a car body, reprinted with permission from ArcelorMittal Tailored 
Blanks, Merelbeke, Belgium, www.arcelormittal.com. 

Laser welding is the most preferred process for tailored blank applications because of its high welding speed, high 
precision, low heat input and ease of interface with robots (Spöttl et al. 2014), (Torkamany et al. 2010), (Ma et al. 
2014), (Park et al. 2002), (Chen et al. 2011), (Dharmendra et al. 2011), (Chen et al. 2009). CO2 and Nd:YAG laser 
were traditionally the welding processes mainly used for TWB applications (Reisgen et al. 2010). However, over the 
past few years, fiber laser has evolved as the automakers’ prime choice for welding applications because of its high 
power, excellent beam quality and high energy efficiency (Eva et al. 2012), (Vollertsen et al. 2005), (Vollertsen 2005). 
TWBs of aluminum alloy and Zn-coated steel have been considered as a cost-effective solution to the car body mass 
reduction and to the increase of the structure strength and durability (Ma et al. 2014), (Milberg et al. 2009), (Li et al. 
2007). Galvanized steels have been extensively used in exposed car body panels to increase corrosion resistance 
(Milberg et al. 2009), (Li et al. 2007), (Fabbro et al. 2006). Galvanized steels are also used for reinforcement purposes 
in patchwork blanks (Eva et al. 2012). The thickness of zinc-coating, in galvanized steels, is usually less than 10 μm 
on each side of the steel. Occasionally, steels with a coating thicker than 20 μm have been used for improved protection 
(Chen et al. 2009), (Ayres et al. 1994). Recently, the lap welding of Zn-coated steel on Al has been commonly used 
for the manufacture of car doors (Chen et al. 2009). The vaporization of Zn due to its low boiling temperature (906 
°C) is the main issue reported during the laser welding of galvanized steel. The vaporization is particularly problematic 
in lap joint setups because of the restriction of Zn vapor venting (Reisgen et al. 2010), (Milberg et al. 2009), (Li et al. 
2007). The intense pressure of Zn vapor within the keyhole can cause an unstable and violent flow of the melting pool, 
resulting in the formation of spatter, cavities and craters (Chen et al. 2011), (Amo et al. 1996), (Dasgupta et al. 2007). 
Laser welding of Zn-coated steel to Al alloy is even more challenging because of the formation of brittle intermetallic 
compounds (IMCs) as a result of poor miscibility and solubility of steel and aluminum. Brittle IMCs can reduce the 
weld strength by inducing cracking in the weld (Ding et al. 2006). In the current study, the above-mentioned challenges 
are explained and their effects on the weld quality and strength are discussed. This study also provides an overview of 
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the approaches proposed by different researchers to minimize the adverse effects of the pre-mentioned challenges and 
to improve the strength and quality of the weld between galvanized steel and Al alloy. 

2. Laser welding of Zn-coated steel on Al alloy 

Different approaches have been proposed in the literature for laser overlap welding of Zn-coated steels with Al 
alloys (Milberg et al. 2009), (Li et al. 2007), (Fabbro et al. 2006), (Tzeng 2000). Despite successful achievements in 
the laser welding of Zn-coated steel on Al in lap joint setup, producing a defect-free weld can be still very challenging, 
especially under high welding speeds (Ma et al. 2014). The formation of defects, such as porosity, spatter and the 
brittle intermetallic compound (IMC) layer at the weld interface are the main issues concerning the laser welding of 
Zn-coated steel on Al alloy (Lee et al. 2006), (Laukant et al. 2005), (Chen et al. 2008). During the laser welding of 
Zn-coated steel on Al, Zn vapor causes instability in the melting pool, resulting in spatter, porosity and crater defects 
(Chen et al. 2011), (Amo et al. 1996), (Dasgupta et al. 2007). The vaporization of Zn is almost inevitable because the 
boiling point of Zn (906 °C) is considerably lower than that of Al (2520 °C) and Fe (1538 °C) (Ma et al. 2014). 
Different approaches have been suggested in the literature to reduce the porosity occurring in the laser lap welding of 
Zn-coated steels. Amo et al. (Amo et al. 1996) proposed keeping a gap between the surfaces to be welded to let the 
evaporated Zn escape from the gap. They reported a successful weld without any cracks or porosities, using a gap 
opening of no more than 0.1 mm. Chen et al. (Chen et al. 2011) tried the use of double pass laser welding with a 
defocused beam. Welding was performed in the first pass with a focused laser beam, and then a defocused beam was 
applied for the second pass. Double pass welding was performed using either Ar or N2 as a shielding gas. The weld 
pool was reported unstable and spatter was observed with both the Ar and N2 gases. According to this experiment, 
applying a second pass weld with a defocused laser beam improved the weld appearance, shown in Fig. 2. 

 

Fig. 2. Comparison between weld appearances produced from (a) a single pass and (b) double pass fiber laser welding with N2 shielding gas, 
(first pass welding parameters: 650 W, 100 mm/s, f.p.p. of 0 mm, second pass welding parameters: 200 W, 75 mm/s, f.p.p. of +2 mm) (Chen et 

al. 2011). 

A higher risk of porosity has been found to exist when a higher density gas is used, because the gas is more likely 
of being trapped in the keyhole and the weld after solidification (Katayama et al. 2009). However, Chen et al. (Chen 
et al. 2011) reported porosity and crack in the weld produced with double pass laser welding using either N2 or Ar gas, 
without any obvious relation between the type of gas used and the porosity found in the weld samples, seen from Fig. 
3. 
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Fig. 3. Backscattered electron image of the cross-section of the weld made using laser double pass welding with (a) Ar gas and (b) N2 gas, (first 
pass welding parameters: 650 W, 100 mm/s, f.p.p. of 0 mm, second pass welding parameters: 200 W, 75 mm/s, f.p.p. of +2 mm) (Chen et al. 

2011). 

Ma et al. (Ma et al. 2014) proposed two-pass laser welding for producing a lap joint between Zn-coated high-
strength steel and Al alloy. For the first pass, they used a defocused laser beam to preheat the components and to 
partially melt and vaporize the zinc coating of the galvanized steel sheet. Then, welding was performed with a focused 
beam in the second pass. They reported that a defect-free lap joint with partial penetration was produced with the use 
of two-pass laser welding. They also stated that the process was very stable and almost no spatter, crack or blowholes 
were present in the welds. As was mentioned before, another concern in welding Al and steel is the growth of brittle 
Fe–Al intermetallic compounds (IMCs) within the welds as a result of poor solid solubility of the Fe element in Al 
(Torkamany et al. 2010), (Meco et al. 2013), (Sierra et al. 2007). IMCs consist of ductile Fe-rich and brittle Al-rich 
phases. FeAl and Fe3Al belong to Fe-rich phases, whereas Al-rich phases include FeAl2, Fe2Al5, FeAl3, and Fe4Al13 
(Lee et al. 2005), (Ozaki et al. 2010), (Rathod et al. 2004), (Katayama et al. 2005). Brittle Al-rich IMCs have a 
deteriorative effect on the mechanical performance of the weld and can induce cracks within the fusion zone (Meco et 
al. 2013). The type and morphology of IMCs are highly dependent on the type of steel and aluminum alloy; even small 
variations in the melting temperature, the fluidity of the molten pool, solute diffusivity and thermal conductivity can 
affect the kinetics of intermetallic phase formation (Lee et al. 2005). Ozaki et al. (Ozaki et al. 2010) proposed laser 
roll welding to reduce the effect of IMCs. This method combines a CO2 laser and a roller compressing the frying 
surfaces of the Al alloy and Zn-coated steel to be welded. The idea behind this technique was to minimize the formation 
of brittle IMCs by shortening the heat cycle and increase the heat transfer rate between the contacting surfaces under 
pressure. They produced a weld with a maximum shear strength of 162 N/mm when the welding speed was 8.3 mm/s 
and the roller pressure was set to 150 MPa. They also reported that the shear strength declines when the thickness of 
the IMC layer exceeds 10 μm. It has also been reported that when the thickness of the IMC layer is less than 10 μm 
the specimen under a shear test fails in the base, not in the weld (Ozaki et al. 2010), (Bruckner 2005), (Furukawa 
2005). Meco et al. (Meco et al. 2013) studied the use of fiber laser for the conduction welding of Al to Zn-coated steel 
in overlap configuration. They stated that using conduction mode laser welding enabled them to control the heat input 
and thereby control IMC formation. They also reported that shear strength in the Zn-coated steel and Al joint was 
higher when a higher energy density was used, seen in Fig. 4. This could be contrary to the assumption that a higher 
heat input can increase the formation of IMCs and cause degradation in the mechanical strength of the weld (Chen et 
al. 2009). They concluded that mechanical strength is not solely dependent on the thickness of the IMC layer. Instead, 
a combination of the intermetallic layer thickness and its composition, the orientation of IMCs, as well as bonding and 
diffusion between the elements can affect the mechanical strength (Meco et al. 2013). 
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Fig. 4. Shear strength of the laser welded lap joint between low-carbon galvanized steel and AA2024 aluminum alloy using fiber laser (spot 
diameter: 13 mm, power density: 4.52 kW/cm2, (a) travel speed: 0.3 m/min, (b) travel speed: 0.45 m/min) (Meco et al. 2013). 

Chen et al. (Chen et al. 2011) reported a considerable reduction in IMCs as a result of using N2 shielding gas in the 
fibre laser welding of Zn-coated steel on Al alloy. They also noticed lower variations in hardness in the fusion zone 
when N2 gas was used which can also indicate less IMC formation. They stated that a higher shear strength was 
obtained with N2 gas than with Ar, observable in Fig. 5. This can be attributed to the higher thermal conductivity of 
N2 compared to Ar that can increase the cooling rate of the melt pool during laser welding. The increased cooling rate 
can reduce the extent of heat flow and diffusion activity in the melt pool. Thus, the base materials will be mixed in a 
limited degree and the growth of IMCs will be obstructed, leading to even more hardness distribution and improved 
shear strength (Borrisutthekul et al. 2007). The reactivity of N2 plasma with Al can also be beneficial in limiting the 
extent of Al-rich intermetallic phases, particularly in laser keyhole welding. The reaction between the vaporized Al 
and ionized N2 leads to the formation of aluminum nitride AlN in the weld in replace of Fe–Al intermetallics (Chen et 
al. 2011), (Chen et al. 2009), (Katayama et al. 2009), (Visuttipitukul et al. 2003). Ma et al. (Ma et al. 2014) claimed 
that controlled preheating and welding parameters during double-pass laser welding of Zn-coated steel and Al, can 
limit the thickness of Al-rich IMCs to around 5 μm. They found that too much heat input during preheating can entirely 
remove the Zn-coating which makes the weld prone to the formation a Fe–Al layer. They declared that a lower heat 
input during the welding process resulted in a higher shear strength. They also claimed that the presence of Zn in the 
IMCs could improve the strength of the welded lap joint between Zn-coated steel and Al. 

Fig. 5. Comparison between the effect of Ar and N2 shielding gases on the shear strength of the laser welded lap joint of Zn-coated steel (DX54) 
and Al alloy (5754), using either single pass or double pass fiber laser (first pass welding parameters: 650 W, 100 mm/s, f.p.p. of 0 mm, second 

pass welding parameters: 200 W, 75 mm/s, f.p.p. of +2 mm) (Chen et al. 2011). 

Corrosion resistance is a principal requirement of the welded joint between Zn-coated steel and Al. The corrosion 
resistance of the weld can be mainly affected by microsegregation, the growth of intermetallic phases, loss of Zn due 
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to vaporization and defects (Kodama et al. 2010), (Kwok et al. 2006). The degradation of corrosion performance can 
occur within the fusion and heat affected zones due to intergranular corrosion and segregation or the growth of a 
secondary phase (Chen et al. 2009), (Kwok et al. 2006), (Sastri et al. 2007). It is known that inert gases with a higher 
density can provide better protection over the melt pool against oxidation and loss of alloying elements (Chen et al. 
2009). It has been reported that weld samples made with Ar shielding gas showed better corrosion resistance than with 
N2 gas (Chen et al. 2011). This can be due to the higher density of Ar that protected the base metals more efficiently 
against oxidation (Chen et al. 2011). Generally, the prevention of the weld defects and smoothness of the weld surface 
can be considered as an effective way to improve the corrosion resistance of the weld (Chen et al. 2011), (Kwok et al. 
2006), (Yan et al. 2007). 

3. Conclusions 

In this study the main issues associated with the laser lap welding of zinc-coated steel on aluminum, which is 
commonly used in patchwork blank applications for the manufacture of car bodies were discussed and different 
approaches presented in the literature to avoid these issues were reviewed. The main conclusions are: 

Higher heat input can expedite the growth of brittle intermetallic compounds (IMCs). Generally, a higher 
mechanical strength of welds has been achieved when the thickness of the brittle IMC layer has been less than 10 μm. 
Besides the thickness of the IMC layer, other factors such as the composition and orientation of IMCs, as well as 
bonding and diffusion between the elements may be determining the weld strength.  

The use of N2 as a shielding gas can have beneficial effects as to the formation of brittle IMCs, thereby improving 
the weld strength. This may be due to the higher thermal conductivity of N2 compared to Ar as well as the likeliness 
of reaction between N2 plasma and Al vapor to form aluminum nitride instead of Al-rich IMCs.  

The type of shielding gas can have influence on the corrosion resistance of the weld. Inert gases with higher density 
can protect the molten pool against oxidation which may benefit the corrosion resistance performance of the weld. 
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To permit effective adoption of concurrent engineering (CE) in the design of welded structures, a new model
is proposed that integrates the design for manufacturing and assembly (DFMA) strategy with a product data
management (PDM) system. To enable effective integration, a traditional DFMA procedure was adapted to
comply with the requirements of welding as an independent design module. The PDM system was integrated
to the DFMA as a database of welding processes, materials, consumables, standards and guidelines, as well
as for storing and tracking changes in the weldment design. An application-based selection method was also
introduced to further facilitate selection of the base material, welding process and filler metals. An application
was developed as a proof of principle and tested with Arctic conditions as the nominated service environment.
The generic nature of the model makes it applicable to many welding operations if relevant databases and
guidelines are prepared. The proposed approach can also be used in conjunction with CAD applications and
manufacturers' PDM software to enhance the design of weldments and expedite decision-making as its use by
designers requires only minimum welding and metallurgy knowledge.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Successful design of a welded structure relies on selecting suitable
base metals, proper joint geometries and thicknesses commensurate
with the demanded load carrying capacity, life expectancy and service
environment. However, these criteria cannot guarantee the perfor-
mance of the weldment if the characteristics of the weld, including
metallurgical aspects, are not carefully considered. The mechanical
andmetallurgical properties of theweld are the result of complex inter-
actions of base metals, base and filler metals, and the welding process
and its parameters. Traditional design processes and commercial CAD/
CAE software usually employ the thermo-mechanical characteristics of
the base materials together with joint geometries to assess the design
as regards fulfillment of service stipulations, while neglecting the im-
portance of theweldmetallurgy and its properties as a significant build-
ing block of a weldment. Usually the weld properties (e.g. corrosion
resistance, ductility, strength, and hardness) are only considered at
the manufacturing stage, when the detailed design is done. This can
increase the risk of costly reworks and delays due to possible incompat-
ibilities between the base metals, welding process, and thicknesses
and joint geometries. On the other hand, evaluating the properties and

metallurgical features of the weld at the design stage demands in-
depth understanding of materials science and welding processes,
whichplaces a considerable burden on designers. However, thismissing
part in the design process and the gap existing between the design and
manufacturing stages are serious challenges that can cause catastrophic
failure, especially in critical applications and demanding service envi-
ronments. A solution to address these challenges could be adoption of
the concurrent engineering (CE) concept and design for manufacturing
and assembly (DFMA) methodology to the purpose of welded struc-
tures design.

CE was developed to enable simultaneous involvement of the tech-
nical and business aspects of a product throughout its life cycle [1,2].
Design for manufacturing and assembly (DFMA) is one the main meth-
odologies used to achieve CE [3,4]. DFMA emphasizes the responsibility
of thedesigner to ensure the functionality, reliability andmanufacturing
feasibility of the design [5].

The success of a DFMA strategy relies on the effectiveness of data
distribution within the multidisciplinary product development teams
involved. Streamlined data distribution can be achieved by integrating
DFMAwith the product datamanagement (PDM) systems used to orga-
nize, access, and control product data as well as tomanage the life cycle
of products [6].

Many researchers have studied the possibility of incorporating
DFMA into welding operations [7–16]. However, an integrated view of
PDM and DFMA for welded structures has yet to be presented. Sokolov
et al. [7] used experimental data to provide DFMA based guidelines for
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laser beam welding of structural steel. The work used the weldability
function of software developed for a high power fiber laser (HPFL) to
explain weld imperfections as a correlation of the interplay of welding
parameters, materials, joint setup and surface conditions. Salminen
et al. [8] proposed a design procedure for laser welding that combined
DFMA and CE principles. Their approach is based on the DFMA proce-
dure initially presented by Boothroyd et al. [9]. LeBacq et al. [10] devel-
oped a computer based DFMAmodel for selecting an applicable joining
process for a specified design. In their model, they adopted a task-based
approach [11] that uses a series of questionnaires regarding joint spec-
ifications, geometry and material to narrow down the available choices
of joining methods to the most suitable one. The predefined questions
are simple andmanageable by non-expert users. However, over simpli-
fication, especially in terms of material properties, may sometimes lead
to non-optimal solutions. Maropoulos et al. [12] examined a computer-
ized aggregate process planning system for DFMA analysis of weldment
assembly design. The discussed model uses design attributes such as
geometry, orientation, joint class and weld features to evaluate fabrica-
tion constraints. A drawback to this approach can be the difficulty of
assigning multiple attributes to different super- and sub-classes of
assembly components. Kwon et al. [13] developed a numerical model
integrated with a commercial CAD program to calculate welding pro-
cess parameters for maximum productivity based on the joint geome-
try. Their approach calculates the weld bead cross-section according
to structural standards constraints for fillet welds to determine the
welding process parameters required to build up the weld bead with
maximum travel speed. The model is capable of analyzing sheet metal
thicknesses up to 6.4 mm to be joined with a single pass fillet weld.
This approach can be useful for design assessment and alterations
to find effective solutions at the initial stage of the design. However,
the applicability of the derived output welding parameters remains
questionable due to the geometric deviations that real parts usually
have from the CAD source model and also due to the simplifications
that usually exist in themodel algorithmwhen comparedwith an actual
welding operation. Moreover, the derived parameters for maximum
heat input might not always result in a valid solution because of the
adverse effects on the mechanical properties of the heat affected zone
(HAZ). Niebles et al. [14] developed a DFMA procedure for welded
products using a wide range of factors involved in the design and prod-
uct development stages. Their approach can be used for different prod-
ucts when combined with related standards and codes and a heuristic
knowledge base. However, their model remains mainly theoretical
since the connection to the required actions in design and welding
practice is not explicitly defined.

The objective of this study is to use the concept of CE to facilitate and
improve the design process of welded structures, especially complex
structures, where different design teams are involved and great caution
in design and manufacturing is required. For this purpose, the tradi-
tional DFMAmodelwasmodified to enable improved usability for struc-
tural welding applications. In this revised model, welding is considered
as a separate design module in the integration with PDM data. The
model is intended to expedite the decision-making process by using an
application-based selection approach that provides the designers with
a permitted list of materials and welding procedures specifications
(WPS) together with concise data and analysis to guide the designer
to find an optimal solution. An application was developed as a proof of
concept and tested using the task of selecting appropriate dissimilar
basemetals andfillermetal for a nominated applicationwith demanding
service conditions, namely, the Arctic environment.

This study outlines a DFMAmodel that can be computerized using a
unified interface with the companies' PDM system to ease and enhance
the design and fabrication of weldments though an application-based
selection method and smooth distribution of data among the design
teams involved. The application-based selection approach makes the
model practicable for designers with limited knowledge of welding
and metallurgy. The model can be used for many similar and dissimilar

welded structures on condition that pertinent DFMA rules and guide-
lines are provided for the application.

2. Concurrent engineering, DFMA methodology, and product data
management (PDM)

Concurrent engineering (CE) methodologies aim to reduce develop-
ment time and costs and improve product quality and competitiveness
by integrating different points of view of a product throughout its life
cycle [5]. CE requires the cooperation of multidisciplinary design
teams providing optimization from the technical and business points
of view [1,5]. Design formanufacturing and assembly (DFMA) is consid-
ered one of themain approaches to achieving CE [3,4]. Traditional DFMA
combines two concepts, namely, design for assembly (DFA) and design
for manufacturing (DFM). Fig. 1 illustrates typical steps of the DFMA
procedure. As shown in thefigure, analysis of a design concept is usually
initiated with DFA, which aims to improve the ease of assembly by
reducing the parts count and variation aswell as minimizing the variety
of assembly instructions and complexity. For this purpose, each part is
examined to rate its criticality in terms of difficulty and time demand
as regards collecting, carrying, orienting, inserting and fastening. Subse-
quently, the most critical parts are revised to simplify the assembly and
reduce the number of timedemanding features [9,15,16]. The analysis is
followed by DFM using the framework provided by DFA. DFM aims to
improve the product design at minimum manufacturing cost for maxi-
mum manufacturing quality using the best techniques and practices
available [4,15,17].

For successful implementation of CE design and DFMA strategy, the
data associatedwith the cross-functional design teamsmust be brought
together so that all the teams have proper access to the latest data and
changes made during the design process [8]. This can be achieved
using product data management (PDM) systems. PDM tools are used
to capture and keep track of changes during the lifecycle of a product
and to support the product development process based on the specific
way a company operates [2,6]. A PDM system has a repository for data
storage of the CAD/CAM files and revisions, specifications, documenta-
tion and standards, manufacturing information and requirements, cal-
culations, illustrations and suppliers. PDM programs are increasingly
being used to promote systematic, modular and cost-effective design
and manufacture of products [2]. While PDM software can effectively
help designers to reuse design modules and specifications, it generally
cannot provide solutions for improving the functionality and fabrication
friendliness of designs nor for determining the optimummanufacturing

Fig. 1. Boothroyd and Dewhurst DFMA procedure [9].

422 H. Tasalloti et al. / Materials and Design 89 (2016) 421–431



technology. These shortcomings can be overcome if the PDM system is
properly interfaced with DFMA rules and guidelines. The following sec-
tions discuss the new DFMA procedure interfaced with a PDM system
that has been developed for structural welding applications.

3. A new DFMA model interfaced with PDM for welded structures

Traditional design processes burden welding engineers with a need
to take into considerationmetallurgical properties and incompatibilities
when trying to meet requested functionality, e.g. corrosion resistance,
ductility, strength, and hardness. These material and weld consider-
ations are usually addressed when the detailed design is done, which
can lead to costly reworks and delays. DFMAmethodology can provide
a solution to such late revisions if properly extrapolated to structural
welding applications. Aswas discussed in the previous section, distribu-
tion of data among the different design teams can be done efficiently
through a PDM system. For this purpose, the DFMA data should be
interfaced with the related technical product data stored in the PDM
system. It can be difficult to clearly differentiate the part of PDM data
specifically related to particular technical aspects of products since tech-
nical data is usually to some extent connected with both business and
administrative data (see Fig. 2) [2].

To develop an integrated DFMA–PDMmodel for welded structures,
the DFMA aspects of the weldment design and welding stages must

first be carefully defined. Then DFMA aspects should be considered in
relation to the technical data in the PDM system. Fig. 3 shows important
factors in the DFMA of welded structures.

The factors shown in Fig. 3 are categorized under four main DFMA
considerations, namely complexity, compatibility, quality and cost, all
of which are interrelated and can affect one another. For example, re-
ducing the complexity of a design by improvement in the geometry
and tolerances as well as a reduction in the weight and number of com-
ponents can reduce the manufacturing cost of the product. In the same
manner, quality can be affected by themetallurgical compatibility of the
base and filler metals, the compatibility of the welding process with the
plate thicknesses and required weld deposition, as well as the compat-
ibility of thewelding procedurewith thematerial and joint position and
configuration. It is obvious that improved compatibility and quality can
also reduce costs by minimizing defects and waste.

Fig. 4 illustrates the integrated DFMA–PDMmodel developed in the
current study to improve and enhance the previously discussed ap-
proaches in [2,9,14] for weldment design. Unlike approaches such as
those in [7–13], the current model considers weldment as a separate
design module to address the requirements of welded products more
specifically. This makes the model easily applicable to various welded
products, given that a relevant database and DFMA guidelines are pro-
vided. In addition, integration with the PDM system can provide addi-
tional advantages, including:

• Up-to-date data of all the changes and revisions for all the teams
involved in the design.

• Ability to keep track of all revisions and a history of why and bywhom
a revision has been made.

• Properly controlled access to the database by defining roles and priv-
ileges so that authorized roles according to their need can have access
to the categorized database of CAD designs and drawings, materials,
filler metals, welding processes, cutting and bending processes, docu-
mentations and standards, costs and prices, suppliers, manufacturers
and subcontractors.

• Unified interface for DFMA and PDM tasks.

Fig. 2. Categories of product data [2].

Fig. 3. Influential factors in DFMA of weldments.
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In this model, DFMA rules and guidelines are conjointly used with
the PDM database to enable designers to select optimal configurations,
materials, filler metal and welding processes. As can be seen from
Fig. 4, the database is a supportive knowledge base with benchmarks
for decision making in both the conceptual and detailed design phases.
All the design documents, changes and modification proposals are cap-
tured, stored and distributed through the PDM system.

The current study proposes an application-based selection method,
which is a variation of the questionnaire-based approach in [18], com-
bined with an inductive reasoning strategy [18–21]. Different selection
strategies for materials and manufacturing processes can be found in
the literature [22–25]. However, the approach proposed in this work
can considerably shorten the decision-making procedure and can also
remove the risk of improper selection due to its built-in expertise. For
material selection, for example, the designer first selects the application
(e.g. Arctic region) in the PDM system. Subsequently, based on the re-
quirements, suitable materials are loaded from the database prior to
being available for selection. As is shown in Fig. 5, the selection can be
done either manually with the help of the DFMA guidelines or though
automatic ranking by weighting of the required material properties
such as strength, toughness, corrosion resistance, weldability, formabil-
ity, machinability and cost.

In a similar way, thewelding process is selected from the PDMdata-
base based on the application (i.e. the materials to be welded, thick-
nesses, homogenous or non-homogenous welding) and then ranked
according to availability, applicability, cost and productivity.

Filler metals are categorized and indexed based on the application
(i.e. materials to be welded, dissimilar or similar metals and welding
process) and selected according to the suitability of the predicted
microstructure and the ease of the process, shown in Fig. 6.

In themodel, additional DFMA rules and guidelines linked to the rele-
vant PDM data are required for weldment design and structural welding
standards, welding procedures specifications (WPS), welding procedure
qualification tests (WPQT) and welder qualification tests (WQT). The
WPS should be compatiblewith the selected basematerials andprocesses
and should include comprehensive instructions required to produce the
weld, such as joint type and preparation, weld type, welding parameters,
technique, consumables, interpass temperature and heat treatments.
WPS is qualified using WPQT provided by the DFMA guideline. Depend-
ing on the requirements of the relevant standards and the functional
requirements of the structure, theWPQTmay include various destructive
tests such as tensile, toughness, hardness and bending, crack tip opening
displacement (CTOD) and corrosion tests as well as different nondestruc-
tive tests. WPQT results will determine if the WPS is qualified or modifi-
cations are needed. Fig. 7 shows a more detailed view of the proposed
DFMA procedure illustrating actions commonly needed at each stage.

The following section discusses the feasibility of the application-
based approach for the Arctic environment as a nominated application
with demanding service conditions. Within the scope of the current
study it is not possible to characterize the complete database and all
the guidelines related to process parameters, joint and design standards
and specification and qualification tests. Hence, this the approach is only

Fig. 4. Integrated DFMA–PDM procedure of for welded structures.
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presented, as a proof of principle, for selection of the base and filler
metals using an application developed for this purpose.

4. Example of application-based selection method in practice

The application-based selection approach considers selection of ma-
terials as the initial andmost critical stage of design, since the functional

requirements, fabrication method and cost are all affected by the type
of material used. Selection of material cannot rely on mechanical prop-
erties alone, as in traditional geometry-driven designmethods, the type
of application and service environment should also be taken into
account. In the Arctic environment, for example, themechanical proper-
ties ofmanymaterials can differ significantly from those found at higher
temperatures [26]. In such cases, the application-based selection

Fig. 5. Application-based selection of materials using the integrated DFMA–PDM interface.

Fig. 6. Procedure for selecting the filler metal in the integrated DFMA–PDM interface.
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approach, by precluding unsuitable combinations, can considerably
reduce the risk of improper selection. The approach also incorpo-
rates cost andmanufacturing features (i.e. machinability, formability
and weldability) in selection of material to ensure manufacturability
and economical justification of design in addition to functional
fulfillment.

Figs. 8–11 and 13–16present the interface of a simplified application
developed for the purpose of this study based on the flowsheets pre-
sented in Figs. 5–7. The application can potentially be used in conjunc-
tion with the material database of CAD and CAE tools or companies'
PDM systems. In this study, however, the method is proposed without
making any changes to CAD and PDM programs. In this example, the

Fig. 7. DFMA procedure of welded structures integrated with the PDM system showing typical actions required in each stage.
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Arctic environmentwas chosen as the nominated application due to the
special functionality and fabrication considerations associated with
weldment design in this region.

Fig. 8 shows initiation of the material selection by specifying the
application. Fig. 9 shows a selection of materials recommended for
Arctic applications. In the current study, four materials are considered;
namely, A 633 high strength low alloy steel, (HSLAS), S 960 ultra-high
strength steel (UHSS), 316 L austenitic stainless steel (ASS) and 1.4529
super-austenitic stainless steel (SASS).

A 633 is a normalized HSLA steel with enhanced notch toughness,
which makes it suitable for welded structures operating in ambient
temperatures as low as −45 °C [27]. S 960 is a low-carbon, low-
alloyed direct-quenched steel which is characterized by a favorable
combination of very high strength, good toughness at temperatures
even below −40 °C, as well as satisfactory formability and weldability
[28–30]. Alloy 316 L is a low-carbon ASS with excellent resistance to
atmospheric corrosion. 316 L possesses excellent strength and tough-
ness at cryogenic temperatures and shows resistance to intergranular
corrosion in marine environments [31,32]. Alloy 1.4529 offers excellent
toughness at cryogenic temperature togetherwith good formability and
weldability [32]. This SASS is remarkably stronger than other 300 ASS
series and shows superior resistance to numerous corrosive environ-
ments [33,34]. The chemical composition of the four alloys is shown in
Table 1.

As is shown in Fig. 9, material selection can done either manually or
automatically from the list containing recommended metals.

For manual selection, the designer needs to decide which
material(s) would best meet the design requirements using the techni-
cal information tabulated in the form of a guideline next to each mate-
rial, shown in Fig. 10. The guideline includes mechanical properties,
weldability, formability andmachinability information aswell as carbon
equivalent (Ceq) when applicable. The Ceq is calculated using Eq. (1)
[35]:

Ceq ¼ CþMn=6þ CrþMoþ Vð Þ=5þ Niþ Cuð Þ=15: ð1Þ

For automatic selection, the designer needs to define how important
a specific property of thematerial is for the design purpose. As shown in
Fig. 11, a range of attributes are presented to be rated by the designer.
These attributes are divided into quantitative and qualitative properties

to provide a baseline for ranking and comparison. Table 2 shows the
properties that are quantitatively compared.

The best propertywithin a range (e.g. strength) is valuedwith a 5 on
a scale where 0 equals “unsuitable” and 5 equals “best value”, and the
other properties are proportionally calculated in comparison with the
best value. An example of the comparison of quantitative attributes is
presented in Table 3.

Material properties that are difficult to characterize with a definite
quantity due to a lack of valid experimental data or their nature are
qualitatively compared. As can be seen from Table 4, weldability, form-
ability, and machinability are qualitatively evaluated from 0 to 5 where
0 means a property is unsuitable while 5 evaluates a property as excel-
lent. The values are given based on data extracted from material hand-
books and supplier catalogues [27,31–33,36].

Weldability, for instance, is assessed based on chemical composition,
hardening, microstructure, thermal expansion, needed pre-work and
post-heat treatment, joint preparation and heat input precaution.
These aspects are indicated in the overall weldability shown in Fig. 12.

In the rating menu, shown in Fig. 11, a weight should be defined for
each property on the basis of the service requirements. Theweights can
be assigned from 0 to 5, where each number in sequence stands for “not
relevant”, “not important”, “important”, “very important” and “crucial”.
The ranking is done simply by comparing the overall score of each ma-
terial, which is obtained from summation of the defined weights multi-
plied with the relevant comparative values.

Fig. 13 shows the ranking done by the application according to the
weighting shown in Fig. 11. For dissimilar welding, the first and second
rankedmaterials can freely be selected to fulfill the service requirements.

Fig. 8. Application selection in DFMA–PDM integrated interface.

Fig. 9. Material selection. Recommended materials can be loaded from the PDM or CAD
material database.

Fig. 10. Manual material selection interface. The guideline next to the each material aids
the designer in selection of suitable material.

Fig. 11. Rating menu for assigning the weight of different material attributes in a design.
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The type of fillermaterial is another critical element that determines
many of the properties of a welded joint, including strength, toughness,
corrosion resistance and surface properties. Thus, design of a weldment
cannot only rely on the joint geometry and basemetal properties, rather
the combination of these two with a proper filler metal. Figs. 14–16
present the interface of the developed application for selecting filler
metal with an assumption of GMAW as the welding process. As
shown in Fig. 6, suitable filler metals for the selected base metals and
similar or dissimilar welding are loaded from the database. For dissimi-
lar welding and the selected metals in Fig. 13, appropriate filler metals
for GMAW include 904 L, 316 L–Si, 307 L and P12, which in this partic-
ular case are derived from the Avesta welding manual [37] although
othermanuals could also be used. The recommended list of filler metals
is shown in Fig. 14.

A guideline next to eachfillermetal containing technical information
can aid the designer in the selection process, as seen in Fig. 14. An
important factor in dissimilar welding of ASS is the ferrite number. For
cryogenic applications, a fully austenitic structure would be favorable
for maximum toughness. However, this increases the risk of solidifica-
tion cracking and requires low heat input and accurate interpass
temperature control. A small percentage of ferrite up to 4% would
minimize this risk with minimum adverse effects on the toughness
and corrosion resistance of theweld [38]. The ferrite number of the filler
metal and the predicted ferrite number of the weld metal are also pro-
vided as an additional benchmark for decision-making, as shown in
Fig. 14.

The ferrite numbers are obtained from theWelding Research Coun-
cil (WRC) -1992 [39] constitution diagram using Cr and Ni equivalents
presented in Eqs. (2) and (3) and with an assumption of equal dilution
of 15% from either base metal in the weld.

Creq ¼ CrþMoþ 0:7Nb ð2Þ

Nieq ¼ Niþ 35Cþ 20Nþ 0:25Cu ð3Þ

As shown in Figs. 15 and 16, the ferrite numbers and solidification
mode can also be checked on the WRC-1992 diagram using the option
available on the interface of the developed application, illustrated in
Fig. 14.

5. Discussion

The main objective of this studywas to utilize CE strategy to achieve
amore efficientweldment design procedure. For this purpose, the tradi-
tional DFMA model was modified to address the weldment consider-
ations shown in Fig. 3. One CE imperative is effective cooperation of
thedifferent design teams involved in development of a product. The in-
tegrated DFMA–PDMmodel shown in Figs. 4 and 7 efficiently connects

the different design teams so that they can collaborate in real-time to
attain optimumsolutions for thedesign. The PDM side of themodel pro-
vides additional desirable features such as improved revision tracking
and control, an interface with CAD/CAM tools, and control of access of
the integrated DFMA–PDM database. The database is extensive and in-
cludes CAD designs and drawings, materials, consumables, processes,
processes, documentations and standards, costs and prices, suppliers,
manufacturers and subcontractors. The integrated view of DFMA–PDM
enables weld engineers to cooperate proactively with the other design
teams to make the DFA and DFM optimizations.

The distinctive feature of the current model over the approaches in
[7–13] is that the weld is considered as a separate design module to
enable more specific consideration of the weld requirements. To this
end, metallurgical aspects of the weld are included in the model. This
feature considerably increases the ability of the model to provide viable
solutions for the design because it accounts for the importance of
the metallurgy of the weld in determining key characteristics such as
strength, hardness, toughness, and corrosion resistance. This feature
also makes the model more reliable compared to the approaches in
[8–12] and the traditional design method, which considers predomi-
nantly the thermomechanical properties of the base materials. The
current DFMA model takes into account the interaction of the base
and filler metals and the welding process and its parameters in the
design stage,which can substantially reduce the risk of incompatibilities
and the need for rework during the manufacturing stage. However,
the inclusion of metallurgical aspects in the model necessitates design
engineers having a high level of knowledge of material science and
welding technology. This can be seen as a drawback to this approach
since it is not always possible to find such well-qualified designers. The
application-based selection approach that was proposed in Section 3
and demonstrated in Section 4 can helps address this problem.

The application-based selection approach guides the designer to the
best option in the list using a modified questionnaire-based selection
strategy [18] combined with an inductive reasoning selection method
[18–21] for selection of materials, welding processes and filler metals.
The modification to the current DFMA model reduces the number of
potentially demanding questions faced by designers, which makes the
approach more user-friendly than those in [10,12]. The approach
defines a clear path for weldment design, which starts from selection
of materials for the intended application. This is done by weighting
material features relevant to the design intent. These features can in-
clude mechanical, physical and chemical characteristics, as well as
cost-related attributes and manufacturability considerations, such as
machinability, formability and weldability. The approach ensures that

Table 1
Chemical composition of four steel recommended for Arctic application.

Material Composition wt.% (max)

C Mn Cr Ni Mo Nb Cu N P + S Si Ti

A 633 0.2 1.5 − − − 0.05 − − 0.09 0.5 −
S 960 0.11 1.2 − − − − − − 0.04 0.25 0.07
316 L 0.02 − 16.9 10.7 2.6 − − 0.1 0.075 0.75 −
1.4529 0.01 − 20.5 24.8 6.5 − 1 0.2 0.04 0.5 −

Table 2
Comparison of the proposed materials based on properties having quantitative value.

Quantitative properties A 633 S 960 316 L 1.4529

Ultimate tensile strength (MPa) ≈630 ≈960 570 670
Charpy impact values at −40 °C (J) 34 50 180 200
Price per ton ($) ≈800 ≈1200 ≈3000 ≈5000

Table 3
Comparative values calculated with respect to the best corresponding material property
valued with a 5 on a scale where 0 equals “unsuitable” and 5 equals “best value”.

Material Comparative values

Ultimate tensile strength Charpy impact Price per ton

A 633 3.3 0.9 5
S 960 5 1.3 3.3
316 L 3 4.5 1.3
1.4529 3.5 5 0.8

Table 4
Qualitative properties are evaluated from 0 to 5 where each number in succession stands
for “bad”, “fair”, “good”, “very good” and “excellent”, respectively. Due to lack of experi-
mental data the properties indicated with “*” are compared qualitatively.

Qualitative properties A 633 S 960 316 L 1.4529

Weldability 3 4 4 3
*Formability 5 3 3 3
*Machinability 4 2 3 1
*Corrosion resistance 3 3 5 5
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the selected materials can fulfill the requirements of the application as
well as manufacturing considerations. Themost conspicuous advantage
compared to conventional feature-based design [40,41] supported by
modern CAD/CAM systems is that designers interact in creation and
modification of features based on the application, function,manufactur-
ing and cost considerations; while, in conventional method the system
only warns the designer about the functionality of the design based on
some rigid preset features and rules that are usually only related to
manufacturing and do not take the intended use of the welded part
into account to the same extent [42–46]. Using the presented approach,
when the materials have been selected (which embeds utilization,
manufacturing and cost features) geometries and joints are designed
commensurably. The approach provides significant advantages over
traditional geometry-driven design, where finding proper materials
for the defined geometries after the conceptual design phase can lead
to much iterative work, and trial and error. There is the possibility that
the designer may select materials that are not permitted for the desired
application and/or lack easy manufacturability. Such design decisions
can cause devastating failures during operation or costly rework during
manufacturing. The integration with PDM proposed in this paper has
the potential to provide additional control on the fabricability of designs
by enabling interaction with weld engineers, who can comment on and
request revision of the geometries, joint designs and positions simulta-
neously with development of the product. This improved communica-
tion enables designers to develop a product compatible with the
manufacturing capabilities of the companies. The approach can also be
advantageous in providing a more realistic cost estimation of the weld-
ment since all the components involved in making the weld are taken
into account in the design stage.

The approach constrains selection to an approved list of materials,
welding processes and parameters, and filler metals, for a specified ap-
plication. However, the inductive reasoning feature of this approach

helps not to entirely exclude the intellectual freedom of designers.
This feature adds more flexibility to the model and allows the designer
to test and analyze different options and make decisions based on per-
sonal knowledge or the technical data provided. The built-in expertise
benefits most designers without specialized knowledge of welding
and metallurgy. The benefits include a reduced risk of improper selec-
tion and consequent design failure, as well as facilitated decision-
making process and decreased design time. It should be noted that the
approach could be a very effective tool for an experienced designers as
well. An experienced designermay selectmaterials based on his knowl-
edge and understanding and compare them with materials suggested
by the application to evaluate and verify his selection. The database
is created, maintained and continuously developed by experts and an
experienced designer can update the database with new solutions that
have not been realized previously.

One difficulty in building the material database can be differences
in designations of materials in different national standards and possible
inconsistency in terms of equivalences of materials between different
standards such as ASTM, EN, DIN, etc. The issue can be addressed by
adding an option to enable the designer to filter out results based on
different standards. A more customized solution would be to make the
database in compliance with the standard that a company has adopted.
A further difficulty in materials database construction is the various
proprietary and nonstandard metals that are usually known by a
tradename and may not have an identical equivalent in official stan-
dards. This group of materials should be differentiated with proper
notice to the designer that the properties and technical data are based

Fig. 12. Weldability evaluation criteria [5]. The colored boxes indicate aspects used in the current study to assess weldability.

Fig. 13. Proposed materials ranked by their suitability for the design purpose.

Fig. 14. Filler metals and their specifications recommended for a dissimilar weld between
A633 and 316 L steels. The integrated DFMA–PDM interface has an option to check the
WRC-1992 diagram for the weld and filler metal.

429H. Tasalloti et al. / Materials and Design 89 (2016) 421–431



on suppliers' catalogues and datasheets. Both the above-mentioned
issues are valid for filler metals aswell and can be addressed in a similar
way aswith basematerials. A further possible limitation to themodel is
the extensive data and skill required to characterize all the lists, stan-
dards and guidelines for each application. However, this information
can be compiled gradually according to the companies' needs and
resources.

The tool demonstrated in Section 4 was made as proof of concept
for the application-based selection method using a limited number of
materials for one nominated application. For any new application, an
expert (or experts) should supplement the database with recommend-
ed materials and index them for the application. Furthermore, the rele-
vant qualitative and quantitative chemicophysical and mechanical
features should be extracted from material handbooks and other certi-
fied resources to be assigned to materials. The link between welding

processes and materials is made as the material type and grade is
defined. Proper filler metals and their chemical compositions should
be also stored in the database and indexed with relevant material and
welding process. If the new application requires a specific DFMA guide-
line regarding compatibility, complexity, cost, and quality, this should
be also stored in the database.

Although the approach cannot easily be used for innovation, the
model offers optimal solutions within the confines of current knowl-
edge and reduces the chance of erroneous design decisions, which is
an important consideration in critical applications.

This study outlines a DFMA–PDM integratedmodel that can be com-
puterized to ease and enhance the design and fabrication of weldments.
The kernel of the approach consists of DFMA rules forwelded structures,
the PDM system and the application-based selection. The model can be
customized with a unified interface for companies' PDM, CAD and CAE

Fig. 15. 309 L–Si filler metal positioned on the WRC-1992 diagram.

Fig. 16. Prediction of ferrite number and solidification mode for a weld between A 633 and 316 L made using 309 L–Si filler metal with 70% dilution.
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tools to take full advantage of the model through correlative develop-
ment of a weldment (i.e. selection of materials, defining geometries,
mechanical calculation and analysis, selection of welding process and
filler metals) with simultaneous incorporation of the design teams
involved.

6. Conclusions

In this study, a new design for manufacturing and assembly (DFMA)
model integrated with a product data management (PDM) system was
developed in order to exploit the advantages of concurrent engineering
(CE) in the design of welded structures. The model was constructed so
that it enables the design of theweld as a separate designmodule simul-
taneously with other structural components and thus consistent with
CE strategy. To facilitate decision-making, an application-based selec-
tion method was introduced for determining suitable base materials,
the welding process and filler metals. The usability of this approach
was illustrated for selection of the base and fillermetals for an Arctic ap-
plication. For the specific example considered in thiswork, the proposed
model offers easier and faster selection of material and filler metals and
enables designers to expeditiously evaluate different material and filler
metal options. However, further studies are required to assess the effi-
cacy and validity of the model for other applications in terms of selec-
tion of materials, welding processes and filler metals as well as design
reliability and manufacturability.
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ABSTRACT  

The concept of concurrent engineering (CE) and design for 
manufacturing and assembly (DFMA) strategy was adopted to facilitate 
and improve decision-making in the design of welded structures. To 
this end, an application-based selection method was introduced for 
selection of the base material, welding process and filler metals. An 
application was developed as a proof of principle and tested with 
offshore conditions as the nominated service environment. The generic 
nature of the model makes it applicable to many welding operations if 
relevant databases and guidelines are prepared. The proposed approach 
can enhance the design of weldments and expedite decision-making as 
its use by designers requires only minimum welding and metallurgy 
knowledge. 

KEY WORDS: Concurrent engineering (CE); Design for 
manufacturing and assembly (DFMA) for welding; Selection strategy 
for materials, Welding processes, and filler metals; Dissimilar metal 
welding (DMW); Offshore materials 

INTRODUCTION 

Successful design of a welded structure relies on selecting suitable base 
metals, proper joint geometries and thicknesses commensurate with the 
demanded load carrying capacity, life expectancy and service 
environment. However, these criteria cannot guarantee the performance 
of the weldment if the characteristics of the weld, including 
metallurgical aspects, are not carefully considered. The mechanical and 
metallurgical properties of the weld are the result of complex 
interactions of base metals, base and filler metals, and the welding 
process and its parameters. Usually the weld properties (e.g. corrosion 
resistance, ductility, strength, and hardness) are only considered at the 
manufacturing stage, when the detailed design is done. This can 
increase the risk of costly reworks and delays due to possible 
incompatibilities between the base metals, welding process, and 
thicknesses and joint geometries. On the other hand, evaluating the 
properties and metallurgical features of the weld at the design stage 
demands in-depth understanding of materials science and welding 
processes, which places a considerable burden on designers. However, 

this missing part in the design process and the gap existing between the 
design and manufacturing stages are serious challenges that can cause 
catastrophic failure, especially in critical applications and demanding 
service environments. A solution to address these challenges could be 
adoption of the concurrent engineering (CE) concept and design for 
manufacturing and assembly (DFMA) methodology to the purpose of 
welded structures design. 
 CE was developed to enable simultaneous involvement of the technical 
and business aspects of a product throughout its life cycle (Riboulet, 
2005; Eskelinen, 2013). Design for manufacturing and assembly 
(DFMA) is one the main methodologies used to achieve CE (Chen, 
1998; Selvaraj, 2009). DFMA emphasizes the responsibility of the 
designer to ensure the functionality, reliability and manufacturing 
feasibility of the design (Eskelinen, 2013). 
Many researchers have studied the possibility of incorporating DFMA 
into welding operations, from different points of view (LeBacq, 2005; 
Lovatt, 1998; Maropoulos, 2000; Kwon, 2004; Niebles, 2006). The 
objective of this study is to use the concept of DFMA to facilitate and 
expedite the decision-making process by using an application-based 
selection approach that provides the designers with a permitted list of 
materials and welding procedures specifications (WPS) together with 
concise data and analysis to guide the designer to find an optimal 
solution. An application was developed as a proof of concept and tested 
using the task of selecting appropriate dissimilar base metals and filler 
metal for a nominated application with demanding service 
environment, namely, offshore conditions. 
This study outlines a DFMA-based decision making model that can be 
computerized to ease and enhance the design and fabrication of 
weldments though an application-based selection method. The 
application-based selection approach makes the model practicable for 
designers with limited knowledge of welding and metallurgy. The 
model can be used for many similar and dissimilar welded structures on 
condition that pertinent DFMA rules and guidelines are provided for 
the application. 

DFMA FOR WELDMENT AND APPLICATION-BASED 
SELECTION MODEL 

Traditional design processes burden welding engineers with a need to 
take into consideration metallurgical properties and incompatibilities 
when trying to meet requested functionality, e.g. corrosion resistance, 
ductility, strength, and hardness. These material and weld 
considerations are usually addressed when the detailed design is done, 
which can lead to costly reworks and delays. DFMA methodology can 
provide a solution to such late revisions if properly extrapolated to 
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structural welding applications. Thus, the DFMA aspects of the 
weldment design must first be carefully defined. Fig. 1 shows important 
factors in the DFMA of welded structures. The factors shown in Fig. 1 
are categorized under four main DFMA considerations, namely 
complexity, compatibility, quality and cost, all of which are interrelated 
and can affect one another. For example, reducing the complexity of a 
design by improvement in the geometry and tolerances as well as a 
reduction in the weight and number of components can reduce the 
manufacturing cost of the product. In the same manner, quality can be 
affected by the metallurgical compatibility of the base and filler metals, 
the compatibility of the welding process with the plate thicknesses and 
required weld deposition, as well as the compatibility of the welding 
procedure with the material and joint position and configuration. It is 
obvious that improved compatibility and quality can also reduce costs 
by minimizing defects and waste. 

 

Fig. 1. Influential factors in DFMA of weldments (Tasalloti, 2016). 

The current study proposes an application-based selection method, 
which is a variation of the questionnaire-based approach in (Ashby, 
2004), combined with an inductive reasoning strategy (Ashby, 2004; 
Kolodner, 1993; Kolodner, 1992; Ashby, 2001). Different selection 
strategies for materials and manufacturing processes can be found in 
the literature (Dieter, 2012; Charles, 1997; Farag, 1989; Ashby, 1999). 
However, the approach proposed in this work can considerably shorten 
the decision-making procedure and can also remove the risk of 
improper selection due to its built-in expertise. For material selection, 
for example, the designer first selects the application (e.g. offshore 
construction) in the DFMA-based system. Subsequently, based on the 
requirements, suitable materials are loaded from the system database 
prior to being available for selection. As is shown in Fig. 2, the 
selection can be done either manually with the help of the DFMA 

guidelines or though automatic ranking by weighting of the required 
material properties such as strength, toughness, corrosion resistance, 
weldability, formability, machinability and cost. In a similar way, the 
welding process is selected from the database, based on the application 
(i.e. the materials to be welded, thicknesses, homogenous or non-
homogenous welding) and then ranked according to availability, 
applicability, cost and productivity. 
Filler metals are categorized and indexed based on the application (i.e. 
materials to be welded, dissimilar or similar metals and welding 
process) and selected according to the suitability of the predicted 
microstructure and the ease of the process, shown in Fig. 3.  
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Fig. 2. Procedure for selecting the materials using application-based 
selection interface. 

 

Fig. 3. Procedure for selecting the filler metal using application-based 
selection interface. 

In the model, additional DFMA rules and guidelines are required for 
weldment design and structural welding standards, welding procedures 
specifications (WPS), welding procedure qualification tests (WPQT) 
and welder qualification tests (WQT). The WPS should be compatible 
with the selected base materials and processes and should include 
comprehensive instructions required to produce the weld, such as joint 
type and preparation, weld type, welding parameters, technique, 
consumables, interpass temperature and heat treatments. WPS is 

qualified using WPQT provided by the DFMA guideline. Depending on 
the requirements of the relevant standards and the functional 
requirements of the structure, the WPQT may include various 
destructive tests such as tensile, toughness, hardness and bending, and 
corrosion tests as well as different nondestructive tests. WPQT results 
will determine if the WPS is qualified or modifications are needed.  
 
EXAMPLE OF APPLICATION-BASED SELECTION 
METHOD IN PRACTICE 
 
The application-based selection approach considers selection of 
materials as the initial and most critical stage of design, since the 
functional requirements, fabrication method and cost are all affected by 
the type of material used. Selection of material cannot rely on 
mechanical properties alone, as in traditional geometry-driven design 
methods, the type of application and service environment should also 
be taken into account. The application-based selection approach, by 
precluding unsuitable combinations, can considerably reduce the risk of 
improper selection. The approach also incorporates cost and 
manufacturing features (i.e. machinability, formability and weldability) 
in selection of material to ensure manufacturability and economical 
justification of design in addition to functional fulfilment. 
Figs. 4~11 present the interface of a simplified application developed 
for the purpose of this study based on the flowsheets presented in Figs. 
2~3. The application can potentially be used in conjunction with the 
material database of CAD tools. In this study, however, the method is 
proposed without making any changes to CAD programs. In this 
example, the offshore environment was chosen as the nominated 
application due to the significance of the application and fabrication 
considerations associated with weldment design in this ambience.  
Fig. 4 shows initiation of the material selection by specifying the 
application. Fig. 5 shows a selection of materials recommended for 
offshore applications. In the current study, five materials are 
considered; namely, A 633 high strength low alloy steel, (HSLAS), S 
960 QC direct-quenched ultra-high strength steel (UHSS), 316 L 
austenitic stainless steel (ASS), 1.4529 super-austenitic stainless steel 
(SASS) and AISI 2205 duplex stainless steel (DSS). 

 

Fig. 4. Selection of application in the application-based interface. 

A 633 is a normalized HSLA steel with enhanced notch toughness, 
which makes it suitable for welded structures operating in ambient 
temperatures as low as -45 °C (High-Strength Low-Alloy Steels, 2001). 
S 960 QC is a low-carbon, low-alloyed direct-quenched steel which is 
characterized by a favorable combination of very high strength, good 
toughness at temperatures even below -40 °C, as well as satisfactory 
formability and weldability (Farrokhi, 2015; Hemmilä, 2010; 
Pallaspuroa, 2014). Alloy 316 L is a low-carbon ASS with excellent 
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resistance to atmospheric corrosion. 316 L possesses excellent strength 
and toughness at cryogenic temperatures and shows resistance to 
intergranular corrosion in marine environments (Davis, 1995). Alloy 
1.4529 offers excellent toughness at cryogenic temperature together 
with good formability and weldability. This SASS is remarkably 
stronger than other 300 ASS series and shows superior resistance to 
numerous corrosive environments (Handbook of Stainless Steel, 2013). 
AISI 2205 is a duplex stainless steel with excellent resistance to general 
corrosion as well as stress corrosion cracking. In addition, AISI 2205 
exhibits good toughness down to -45 °C, superior mechanical strength 
to austenitic grades, and good weldability (Handbook of Stainless Steel, 
2013). The chemical composition of the five alloys is shown in Table 1. 

Table 1. Chemical composition of four steel recommended for offshore 
application 
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As is shown in Fig. 9, material selection can done either manually or 
automatically from the list containing recommended metals.  

 

Fig. 5. Material selection. Recommended materials can be loaded from 
the application database. 

For manual selection, the designer needs to decide which material(s) 
would best meet the design requirements using the technical 
information tabulated in the form of a guideline next to each material, 
shown in Fig. 6. The guideline includes mechanical properties, 
weldability, formability and machinability information as well as 
carbon equivalent (Ceq) when applicable. The Ceq is calculated using 
Equation 1 (Dearden, 1940):  

Ceq = C + Mn / 6 + (Cr + Mo + V) / 5 + (Ni + Cu) / 15                    (1) 

 

Fig. 6. Manual material selection interface. The guideline next to the 
each material aids the designer in selection of suitable material.  

For automatic selection, the designer needs to define how important a 
specific property of the material is for the design purpose. As shown in 
Fig. 7, a range of attributes are presented to be rated by the designer. 
These attributes are divided into quantitative and qualitative properties 
to provide a baseline for ranking and comparison. Table 2 shows the 
properties that are quantitatively compared.  

Table 2. Comparison of the proposed materials based on properties 
having quantitative value. 

Quantitative properties 
A 

633 
S 960 316 L 1.4529 

AISI 
2205 

Ultimate tensile strength 
(MPa) 

≈ 
630 

1114 570 670 825 

Charpy impact values at 
-40 °C (J) 

34 60 180 200 50 

Estimated price / ton ($) 800 1200 3000 5000 2000 

The best property within a range (e.g. strength) is valued with a 5 on a 
scale where 0 equals “unsuitable” and 5 equals “best value”, and the 
other properties are proportionally calculated in comparison with the 
best value. An example of the comparison of quantitative attributes is 
presented in Table 3.  

Table 3. Comparative values calculated with respect to the best 
corresponding material property valued with a 5 on a scale where 0 
equals “unsuitable” and 5 equals “best value”. 

Material 
 
 

Comparative values 
Ultimate tensile strength Charpy impact Price per ton 

A 633 2.8 0.9 5 
S 960 QC 5 1.5 3.3 
316 L 2.5 4.5 1.3 
1.4529 3 5 0.8 
AISI 2205 3.7 1.2 2 

Material properties that are difficult to characterize with a definite 
quantity due to a lack of valid experimental data or their nature are 
qualitatively compared. As can be seen from Table 4, weldability, 
formability, and machinability are qualitatively evaluated from 0 to 5 
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where 0 means a property is unsuitable while 5 evaluates a property as 
excellent. The values are given based on data extracted from material 
handbooks and supplier catalogues (Handbook of Stainless Steel, 2013; 
Davis, 1995) (High-Strength Low-Alloy Steels, 2001) (ASM 
International Handbook Committee, 1990). 

 

Fig. 7. Rating menu for assigning the weight of different material 
attributes in a design. 

Table 4. Qualitative properties are evaluated from 0-5 where each 
number in succession stands for “unsuitable”, “fair”, “good”, “suitable” 
and “excellent”, respectively. Due to lack of experimental data the 
properties indicated with “*” are compared qualitatively. 

Qualitative 
properties 

A 633 S 960 QC 316 L 1.4529 
AISI 
2205 

Weldability 3 3 4 3 3 
*Formability 4 3 4 3 3 
*Machinability 4 2 3 1 1 
*Corrosion 
resistance 

1 2 4 5 5 

Weldability, for instance, is assessed based on chemical composition, 
hardness, microstructure, thermal expansion, needed pre-work and 
post-heat treatment, joint preparation and heat input precaution.  
In the rating menu, shown in Fig. 7, a weight should be defined for 
each property on the basis of the service requirements. The weights can 
be assigned from 0-5, where each number in sequence stands for “not 
relevant”, “not important”, “important”, “very important” and 
“crucial”. The ranking is done simply by comparing the overall score of 
each material, which is obtained from summation of the defined 
weights multiplied with the relevant comparative values. 
Fig. 8 shows the ranking done by the application according to the 
weighting shown in Fig. 7. For dissimilar welding, the first and second 
ranked materials can freely be selected to fulfill the service 
requirements. 

 

Fig. 8. Proposed materials ranked by their suitability for the design 
purpose. 

The type of filler material is another critical element that determines 
many of the properties of a welded joint, including strength, toughness, 
corrosion resistance and surface properties. Thus, design of a weldment 
cannot only rely on the joint geometry and base metal properties, rather 
the combination of these two with a proper filler metal. Figs. 9~11 
present the interface of the developed application for selecting filler 
metal with an assumption of GMAW as the welding process. As shown 
in Fig. 9, relevant filler metals for the selected base metals and similar 
or dissimilar welding are loaded from the database. For dissimilar 
welding and the selected metals in Fig. 8, applicable filler metals for 
GMAW include 904 L, 316 L-Si, 307 L, P 12, 16.55 which in this 
particular case are derived from the Avesta and Esab welding manual 
(Welding Consumables Handbook, 2005; Larén, 2004), although other 
manuals could also be used.  
 A guideline next to each filler metal containing technical information 
can aid the designer in the selection process, as seen in Fig. 9. An 
important factor in dissimilar welding of stainless steels is the ferrite 
number. A fully austenitic structure would be favorable for an 
improved mechanical properties and corrosion resistance. However, 
this increases the risk of solidification cracking and requires low heat 
input and accurate interpass temperature control. A small percentage of 
ferrite up to 4% would minimize this risk with minimum adverse 
effects on the toughness and corrosion resistance of the weld (Tasalloti, 
2014). The ferrite number of the filler metal and the predicted ferrite 
number of the weld metal are also provided as an additional benchmark 
for decision-making, as shown in Fig. 9.  
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Fig. 9. Filler metals and their specifications recommended for a 
dissimilar weld between AISI 2205 and S 960 QC. The interface has an 
option to check the WRC-1992 diagram for the weld and filler metal. 

The ferrite numbers are obtained from the Welding Research Council 
(WRC) -1992 (Kotecki, 1992) constitution diagram using Cr and Ni 
equivalents presented in Equation 2 and 3 and with an assumption of 
equal dilution of 15% from either base metal in the weld. 

Creq = Cr + Mo + 0.7 Nb  (2) 

Nieq = Ni + 35 C + 20 N + 0.25 Cu  (3) 

As shown in Fig.10 and Fig.11, the ferrite numbers and solidification 
mode can also be checked on the WRC-1992 diagram using the option 
available on the interface, illustrated in Fig. 9. For instance, a fully-
austenitic solidification mode can be expected using 16.55 austenitic 
filler metal and selected base metals shown in Fig. 8. 

Fig. 10. 16.55 filler metal positioned on the WRC-1992 diagram. 

Fig. 11. Prediction of ferrite number and solidification mode for a weld 
between S 960 QC and AISI 2205 made using 16.55 filler metal with 
70% dilution. 

DISCUSSION 

The main objective of this study was to utilize CE and DFMA strategy 
to achieve a more efficient weldment design procedure. For this 
purpose, a DFMA-based decision-making model was proposed to 
address the weldment considerations in terms of materials, welding 
process and filler metals. The current application-based selection 
approach takes into account the interaction of the base and filler metals 
and the welding process and its parameters in the design stage, which 
can substantially reduce the risk of incompatibilities and the need for 
rework during the manufacturing stage. In addition, this feature 
considerably increases the ability of the model to provide viable 
solutions for the design because it accounts for the importance of the 
metallurgy of the weld in determining key characteristics such as 
strength, hardness, toughness, and corrosion resistance. This feature can 
make the model more reliable compared to the approaches in (LeBacq, 
2005; Lovatt, 1998; Maropoulos, 2000) and the traditional design 
method, which considers predominantly the thermomechanical 
properties of the base materials.  
The application-based selection approach guides the designer to the 
best option in the list using a modified questionnaire-based selection 
strategy (Ashby, 2004) combined with an inductive reasoning selection 
method (Ashby, 2004; Kolodner, 1993; Kolodner 1992; Ashby, 2001) 
for selection of materials, welding processes and filler metals. The 
modification to the current approach reduces the number of potentially 
demanding questions faced by designers, which makes the approach 
more user-friendly than those in (LeBacq, 2005; Maropoulos, 
2000).The approach defines a clear path for weldment design, which 
starts from selection of materials for the intended application. This is 
done by weighting material features relevant to the design intent. These 
features can include mechanical, physical and chemical characteristics, 
as well as cost-related attributes and manufacturability considerations, 
such as machinability, formability and weldability. The approach 
ensures that the selected materials can fulfil the requirements of the 
application as well as manufacturing considerations. Using the 
presented approach, when the materials have been selected (which 
embeds utilization, manufacturing and cost features) geometries and 
joints are designed commensurably. The embedded features in material 
selection can provide significant advantages over traditional geometry-
driven design, where finding proper materials for the defined 
geometries after the conceptual design phase can lead to much iterative 
work, and trial and error. There is the possibility that the designer may 
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select materials that are not permitted for the desired application and/or 
lack easy manufacturability. The proposed approach can prevent such 
mistakes in design decisions and consequent failures during operation 
or costly rework during manufacturing. The approach can also be 
advantageous in providing a more realistic cost estimation of the 
weldment since all the components involved in making the weld are 
taken into account in the design stage. 
The inductive reasoning feature of this approach helps not to entirely 
exclude the intellectual freedom of designers. This feature adds more 
flexibility to the model and allows the designer to test and analyze 
different options and make decisions based on personal knowledge or 
the technical data provided. The built-in expertise benefits most 
designers without specialized knowledge of welding and metallurgy. 
The benefits include a reduced risk of improper selection and 
consequent design failure, as well as facilitated decision-making 
process and decreased design time.  
A possible limitation to the model is the extensive data and skill 
required to characterize all the lists, standards and guidelines for each 
application. However, this information can be compiled gradually 
according to the manufacturers’ needs and resources. The database is 
created, developed, and maintained by experts and experienced 
designers. The database should be continuously updated with new 
solutions that have not been realized previously. The tool demonstrated 
in this study was made as proof of concept for the application-based 
selection method using a limited number of materials for one 
nominated application. For any new application, an expert (or experts) 
should supplement the database with recommended materials and index 
them for the application. Furthermore, the relevant qualitative and 
quantitative chemicophysical and mechanical features should be 
extracted from material handbooks and other certified resources to be 
assigned to materials. The link between welding processes and 
materials is made as the material type and grade is defined. Proper filler 
metals and their chemical compositions should be also stored in the 
database and indexed with relevant material and welding process. If the 
new application requires a specific DFMA guideline regarding 
compatibility, complexity, cost, and quality, this should be also stored 
in the database. 
Although the approach cannot easily be used for innovation, the model 
offers optimal solutions within the confines of current knowledge and 
reduces the chance of erroneous design decisions, which is an 
important consideration in critical applications. 
 
CONCLUSIONS 
 
In this study, the advantages of design for manufacturing and assembly 
(DFMA) strategy and concurrent engineering (CE) were exploit, in 
order to facilitate decision-making procedure in weldment design. An 
application-based selection method was introduced for determining 
suitable base materials, the welding process and filler metals. The 
usability of this approach was illustrated for selection of the base and 
filler metals for an offshore application. For the specific example 
considered in this work, the proposed model offers the following 
advantages:  Easier and faster selection of material and filler metals.  Enables designers to expeditiously evaluate different material 

and filler metal options, with no extra expertise required of 
designers.  Minimized risk of failure during service since the built-in 
expertise constrains selection to an approved list of base and 
filler metals, for a specified application. 

However, further studies are required to assess the efficacy and validity 
of the model for other applications in terms of selection of materials, 
welding processes and filler metals as well as design reliability and 
manufacturability. 
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The effect of heat input on themicrostructure and compositional heterogeneity of welds of direct-quenched ultra
high strength steel (Optim 960 QC) and duplex stainless steel (UNS S32205) was studied. The dissimilar welds
were made using GMAW with a fully austenitic filler wire. In addition to grain coarsening in the heat affected
zone (HAZ) of the ferritic side, it was found that an increase in heat input correlatively increased the proportional
volume of bainitic to martensitic phases. Coarse ferritic grains were observed in the duplex HAZ. Higher heat
input, however, had a beneficial effect on the nucleation of austenite in the HAZ. Heat input had a regulatory ef-
fect on grain growthwithin the austenitic weld andmore favorable equiaxed austenite was obtainedwith higher
heat input. On the ferritic side of thewelds,macrosegregation in the form of amartensitic intermediate zonewas
observed for all the cooling rates studied. However, on the duplex side, macrosegregation in the fusion boundary
was only noticedwith higher cooling rates. Microstructural observations and compositional analysis suggest that
higher heat input could be beneficial for the structural integrity of the weld despite higher heat input increasing
the extent of adverse coarse grains in the HAZ, especially on the ferritic side.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Direct-quenched (DQ)ultra high strength steel (UHSS) is a rather re-
cent development that combines lower production cost with enhanced
strength, toughness and weldability compared to traditional quenched
and tempered (QT) grades [1,2]. These advantages are achieved using
a thermomechanical controlled process that can potentially improve
steel strength to a level that is only achievable in QT grades by an in-
crease in alloying contents [3]. The features of ultra high strength DQ
steels can be beneficial in a wide range of weldment designs where re-
sistance to intense load and suitability for demanding service conditions
are required.

In many welding applications, dissimilar combination of metals is
desirable, and dissimilar welding of ferritic steels and stainless steels
has been a prominent application in numerous fields of industry, mainly
for economic reasons. Of the stainless steels available, duplex grades
offer outstanding mechanical properties together with superb resis-
tance to different forms of corrosion at a modest price compared to
high Ni grades [4]. The ability to achieve high quality welds of ultra
high strength steel (DQ) and duplex stainless steel would extend the
application range of dissimilar welding to many areas of construction,
oil and gas exploration, transportation and other applications requiring

a combination of good mechanical properties and high corrosion resis-
tance where cost and weight are major considerations.

Similar welding of QT and dual-phase (DP) grades of ultra high
strength steel has been the subject of much study in the literature [5–
9]. There is also abundant scientific work onwelding of duplex stainless
steels (DSSs) [10–13]. In contrast, study of welding of DQ grades of
UHSS, particularly as regardsmicrostructure andmechanical properties,
is in its infancy. Moreover, dissimilar welding of direct-quenched UHSS
and DSS has not been widely studied. Further work is thus required to
develop a comprehensive understanding of the weld metallurgy and
characteristics of suchwelds as functions of thewelding process param-
eters andwelding specifications. In such dissimilar welding, selection of
the welding parameters is complicated by considerations arising from
the characteristics of each parentmetal. The practical difficulties can in-
crease further when filler metal of a dissimilar composition to the par-
ent metals is used.

With UHSS, regardless of the specificweldingprocess and alloy used,
major documented problems include: heat affected zone (HAZ) crack-
ing, HAZ softening, and insufficient toughness and ductility [5–7]. The
aforementioned defects generally stem from inappropriate heat input
and cooling rate, the chemical composition of the material, the forma-
tion of coarse grains, and variation in the proportion of ductile to brittle
morphologies in the microstructure of the HAZ and weld [6,8,9].

With DSS, degradation ofmechanical properties and corrosion resis-
tance are the main issues presented in the literature. These problems
are generally identified as being a consequence of inappropriate heat
input and excessive thermal cycles that can cause disparity between
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the volume percentage of ferrite and austenite, and deleterious precip-
itations such as sigma (σ), chi (χ), and chromium nitride (Cr2N) in the
fusion zone and HAZ of DSSs [10–13].

Although dissimilar welding of direct-quenched UHSS and DSS has
received little attention, dissimilar welding of DSS and high-strength
low alloy (HSLA) steel aswell as carbon steel is well presented in the lit-
erature. Similarities in the microstructure and mechanical behavior of
these steels make this previous work of relevance to the current
study. Eghlimi et al. [14] reported that repeated thermal cycles in-
creased the growth of secondary austenite (γ2) with a dominant
Widmanstätten morphology in DSS. Wang et al. [15] argued that favor-
able mechanical properties can be obtained with a higher amount of
austenite. They indicated that a higher heat input extended the
decarburized layer at the fusion boundary of HSLA steel. Sadeghian et
al. [16] reported that increased austenitic nucleation with higher heat
input, on the duplex side, resulted in increased impact strength of the
weld. Srinivasan et al. [17] identified a soft C-depleted boundary at the
fusion line of low alloy steel as a result of intense heat and the carbon
affinity of Cr-rich DSS weld metal. Mendoza et al. [18] stated that
lower cooling during multipass welding could favor the growth of aus-
tenite and result in improved mechanical properties of the weld, while
accelerated cooling rates can cause precipitation of intermetallic phases
and degradation ofmechanical properties.Wang et al. [19] recommend-
ed a lower cooling rate for prevention of hydrogen induced cracking at
the ferritic side of the weld. Odegard et al. [20] noted that higher dilu-
tion from carbon steel promoted ferritic growth in the weld and result-
ed in degeneration of corrosion resistance and mechanical properties.
They proposed that higher heat input can make the weld susceptible
to solidification cracking. Barnhouse et al. [21] suggested that filler
metal plays a greater role than heat input in controlling the balance be-
tween the ferritic and austenitic phases. They recommended a combina-
tion of duplex grade filler wire, high heat input, and limited dilution
from the carbon steel in the root pass for improved corrosion resistance
and toughness of the weld. However, for cryogenic temperatures, they
recommended Ni-based fillers for superior ductility. In addition, some
studies have indicated the formation of a martensitic band contiguous
with the fusion boundary at the ferritic side [14,16].

In the current study, dissimilar welding of a commercial grade of a
direct-quenched ultra high strength steel (Optim 960 QC) and a duplex
stainless steel (UNS S32205) was done using an automatic GMAW pro-
cess and a fully austenitic filler wire. The objective of the study is to pro-
vide detailed understanding of the microstructural and solidification
behavior of dissimilar welds of UHSS DQ and DSS under the influence
of different heat inputs. To this end, detailed analysis of the microstruc-
ture and chemical composition in theweld, fusion boundaries and HAZs
is presented. The outcome of this research can be beneficial for assess-
ment of the suitability of such dissimilar metal combinations for engi-
neering applications.

2. Experimental Procedure

Single pass dissimilar welds were made on 5 mm thick plates of a
commercial direct-quenched ultra high strength steel (UHSS), Optim
960 QC, and a duplex stainless steel (DSS), UNS S32205, using fully au-
tomated GMAW. The as-received plates were machined to dimensions
of 350 × 150 × 5 mm in accordance with EN ISO 15614-1. The plates
were machined to prepare single V-groove butt joint configurations
with an angle of 60°. Removable fiberglass tape was used for backing
and the root-face and airgap were both zero. A schematic of the weld
joint is shown in Fig. 1.

Butt joints were made at three different welding speeds, namely,
7.1 m/s, 8 m/s and 9 m/s. Table 1 presents the parameters used to
make the weld samples. Esab OK Autrod 16.55 (AWS A5.9: ER 385), a
fully austenitic filler wire (1 mm diameter), was used as the filler
wire, and a mixture of 98% Ar + 2% CO2 was supplied as a shielding
gas at a constant flowrate of 15 l/min. The tip-to-work (stick out)

distance was maintained at 13 mm throughout the entire welding pro-
cess. The chemical composition of the base andfillermetals are present-
ed in Table 2.

Two sets of thermocouples at a distance of 2 and 3 mm from the fu-
sion line on each side of the weldwere used tomeasure the cooling rate
of the HAZ. Metallography samples were polished (final polish with
1 μmdiamondpaste) and etched in compliancewith EN ISO 17639 stan-
dard for microscopic examination of welds and ISO/TR 16060 for etch-
ants. The DSS side was etched using a standard Cuprochloric solution
2 (5 g CuCl2 + 100 ml HCl + 100 ml C2H5OH + 100 ml H2O) and
Nital (95 ml C2H5OH + 5 ml HNO3) was used for etching the UHSS
side. The etching timewas 15 s and 30 s for Nital and Cuprochloric solu-
tion 2, respectively.

The samples were inspected using light microscopy as well as scan-
ning electron microscopy (SEM). In addition, energy dispersive spec-
troscopy (EDS) analysis was performed to identify compositional
variations in the weld specimens. Prior to the EDS analysis, the speci-
menswere cleaned in an ultrasonic bath of hot C3H6O and C2H6O to en-
sure removal of any external dirt. For convenience, the base and filler
metals are henceforth referred to as S 960, S 32205 and 16.55, and the
weld samples are namedWS 7.1,WS 8, andWS 9, based on the welding
speed used.

3. Results and Discussion

3.1. Macrostructure

A macrograph of the weld specimens prepared for this study is
shown in Fig. 2. In the figure, the effect of grain coarsening can be
discerned on the HAZ of both the S 960 and S 32205 base metals, on
the left and right side of the welded joints, respectively. However, the
appearance of coarse grains extends over a wider span on the S 960
side than the S 32205 side, which is indicative of higher sensitivity of
the S 960 base metal to the heat input than the S 32205 metal. On the
ferritic steel side, intense grain coarsening was noticeable to a maxi-
mum distance of about 3.5, 2.5, and 1.5 mm from the fusion line for
the WS 7.1, WS 8 and WS 9, respectively, measured around the weld
throat. In comparison, severe grain coarsening on the HAZ of the S
32205 was only appreciable to a distance range about 2, 1.5, and
1 mm for the WS 7.1, WS 8 and WS 9, respectively, measured from the
fusion line on the weld throat.

Fig. 1. Schematic of the joint setup used in the experiments.

Table 1
Welding parameters used for the weld samples: arc current (I), arc voltage (U), welding
speed (v), wire feed speed (WFS), arc energy (E), and heat input (Q).

I (A) U (V) v (mm/s) WFS (m/min) E (kJ/mm) Q (kJ/mm)

257 29.8 7.1 10.6 1.08 0.86
224 28.7 8 10 0.80 0.64
204 26.4 9 9 0.60 0.48
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3.2. Microstructure

SEM images of the as-received parentmetals are shown in Fig. 3. The
microstructure of S 960 containsfinemartensitic-bainitic grains that are
formed in the rolling direction, as can be seen in Fig. 3(a). The martens-
itic phase appears in the form of pancaked or elongated prior austenite
(γ) grains in the rolling direction [3]. Fig. 3(b) shows a typical DSS mi-
crostructure with nearly equal elongated lamella of ferritic-austenitic
regions.

Themicrostructure of the HAZ of theweld samples on the UHSS side
at a distance of about 1 mm from the fusion boundary is shown in Fig.
4(a)–(c). Themicrographs show significant grain coarsening.Moreover,
it appears that the amount and morphology of the formed phases have
been to some extent influenced by the heat input. For instance, bainitic
phase is dominant inWS 7.1, while martensite dominates in the HAZ of
WS 9, as can be seen in Fig. 4(a) and (c) respectively. In contrast, bainite
andmartensite are almost evenly distributed in theHAZ ofWS8, as seen
from Fig. 4(c).

Fig. 5 presents a time-temperature graph of the HAZ (at 2 and 3mm
distance from the fusion line) on the UHSS side, plotted on a continuous
cooling transformation (C.C.T.) diagram of a quenched and tempered
steel with very close chemical composition to S 960 [22]. From the fig-
ure, it is apparent that with initiation of welding, the HAZ temperature
almost instantaneously rose to ranges beyond the upper intercritical
temperature (AC2), where the microstructure, theoretically, mostly
transferred toγ. This is followed by cooling below the lower intercritical
temperature (AC1), at which decomposition of γ started. Subsequently,
further cooling, down to a temperature of about 550 °C, inaugurated
bainitic transformation, which preceded martensitic formation at
lower temperatures. It is clear from the diagram that the bainite start
temperature decreases as the cooling rate increases. Thus, more bainitic
phase can be expected with lower cooling rates, in agreement with the
observation in Fig. 4. Note that the diagram reached a plateau above AC2
due to the temperature exceeding the upper-limit of the thermocouples
used.

The SEM image shown in Fig. 6 reveals details of theHAZmicrostruc-
ture. In the figure, only the HAZ ofWS 9 is shown, as themicrostructural
features were similar for all the samples. A network of prior-γ bound-
aries is clearly visible in the figure.

Martensitic structure is detectable with a characteristic of barely
etched almost uniform plates within prior-γ boundaries.

The bainitic phase consists of dominantly lower bainite (BL) and
upper bainite (BU) morphology in a lower proportion. The bainitic re-
gions featuring laths of lower and upper bainite are indicated on Fig.
6. As can be seen from the figure, the coarse laths of BL generally parti-
tion the prior-γ grains intersecting each other, which differentiates
them from BU with almost parallel laths filling the prior-γ grains [23].
Fig. 7 presents a highmagnification BSE image of the bainitic constituent
within the outlined region shown in Fig. 6. The distinct appearance of
lower bainite laths is associated with fast cooling rates and rapid prop-
agation of bainitic plates [23,24]. However, the mechanism of bainite
formation is not well established and still remains somewhat unclear.
The explicative hypotheses generally involve either a diffusional [25]
or a displacive mechanism [26], the detailed consideration of which is
beyond the scope of the current study. Nonetheless, it should be noted
that the observations suggest that nucleation of bainite involves
paraequilibrium partitioning of carbon. In the case of upper bainite, ce-
mentite precipitates from C-enriched austenite entirely between the
laths of bainitic ferrite. In the case of lower bainite, reduction in transfor-
mation temperature reduces the diffusion rate, which results in some
precipitation of fine carbide in the supersaturated bainitic ferrite plates
[26]. As can be seen from Fig. 7, cementite (CM) with a grayish appear-
ance in this figure is placed between and within the sheaf-like BL. The
protruding features that appear as elongated and parallelly-aligned
islands were identified as γ or M/γ constituent [27].

A number of studies have shown the beneficial effects of bainitic
morphology on strength and toughness due to the high dislocation den-
sity in their lath-like structure [28–30]. However, superior mechanical
properties are associated with lower bainite than upper bainite. The
more uniform and finer distribution of carbide in lower bainite has
been suggested in the literature as the reason for the outstanding me-
chanical properties [29]. Additionally, Abbaszadeh et al. [28] proposed
that partitioning of prior-γ grains by the lower bainite can result in re-
finement of the martensite substructures and thus increase the
strength.

Fig. 8 shows a martensitic grain formed from a prior-γ grain; the
prior-γ boundary is clearly visible. Within the grain, blocks of martens-
ite are formed from laths parallelly aligned to each other and parallel
blocks having a common habit plan with the prior-γ grain configure
packets of martensite [31]. The boundary of one pocket divided into
blocks of martensite laths is delineated with a dotted line in Fig. 8 for
better identification. As can be seen from the figure, within each packet,

Fig. 2.Macrograph of weld samples: (a)WS 7.1; (b)WS 8; (c)WS 9. In the figure, the effect of grain coarsening can be noticed on the HAZ of the S 960 base metal (left side of the welded
joint) and S 32205 (right side of the welded joint).

Table 2
Chemical composition (wt.%) of the base and filler metals.

Metal C Si Mn P + S Al Nb Cu Cr Ni Mo Other

S 960 0.09 0.21 1.05 0.014 0.030 0.003 0.025 0.82 0.04 0.158 0.002 (B)
0.008 (V)
0.032 (Ti)

S 32205 0.015 0.39 1.34 0.026 – 0.009 0.25 22.59 5.79 3.24 0.130
(Co)
0.179 (N)

16.55 0.02 0.4 1.7 – – – 1.4 20.5 25 4.5 –
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the crystallographic orientations of retained γ are almost identical,
which is in agreement with observations in [32]. The retained γ is C-
enriched during bainitic transformation, which improves its stability
at room temperature [27,33].

Some research has suggested positive effects of highly deformed
retained γ on transformation-induced plasticity (TRIP) properties [27,
32].The TRIP phenomenon is associated with transformation of meta-
stable retained γ to martensite during straining of the steel, which can
contribute significantly to both tensile strength and ductility of the
steel [27,33,34]. It is believed that a higher volume fraction of retained
γ leads to an increased strain-hardening coefficient and thus an increase
in elongation [35]. It is suggested that the presence of thinfilm-like plas-
tically deformed retained γ in the vicinity of the fracture path can blunt
the propagating cracks and contribute to improvement in the toughness
of the steel [30,33,34].

From the C.C.T. diagram in Fig. 5, it can be seen that martensitic
growth is limited to increased cooling rates, which can also cause in-
crease in dislocation density and hardness [24]. The interaction of
higher dislocation density and TRIP effects can enhance the tensile
strength and ductility of the steel [32].

The microstructure of the HAZ on the DSS side is illustrated in Fig.
9(a)–(c). The final microstructure of the HAZ is determined by solid
state phase transformations from γ to δ and vice versa that take place
duringwelding [36]. As seen in the figure, the HAZ has undergone a dis-
tinct change in microstructure. The main morphology of γ is grain
boundary austenite (GBA), which is detectable by allotriomorphic for-
mations at the prior-δ grain boundaries [10,14], and which is evident
at the boundaries of coarse ferrite grains in Fig. 9. The morphology of
GBA is better visible in the BSE image shown in Fig. 10. For S 32205,
transformation from γ to δ starts at a temperature around 855 °C and
observations in [37] suggest nearly complete decomposition of γ to δ
as the temperature exceeds 1350 °C.

As can be seen from the cooling rate diagram in Fig. 11, the temper-
ature in the HAZ (at 2 mm distance from the fusion line) exceeded
1100 °C for a period of less than 10 s, which can be considered too
short for full ferritization. Thus, upon cooling, GBA started to nucleate
from larger untransformed γ, which created the jagged appearance
that is clearly visible in Fig. 10.

Widmanstätten austenite (WA), another common morphology, nu-
cleates at lower temperatures than GBA [38]. WA grows as needle-like
elongated plates, usually initiating from GBA and extending toward
the δ grains [14], as can be seen in Figs. 9 and 10. In addition, some
growth of intragranular austenite (IGA), scattered within the δ grains,
can be discerned in Fig. 9. The lattice diffusion of IGA is known to be
slower than the allotriomorphic growth of GBA and WA. As a result,
IGAwill mainly growwhen enough undercooling is available [14]. Con-
sequently, IGAmorphology only appeared in a small amount in compar-
ison with GBA and WA, as can be seen in Fig. 9.

Chromium nitride (Cr2N) precipitation is a commonly reported fea-
ture in the HAZ of DSS. Severe degradation of corrosion resistance and
toughness is associatedwith Cr2N precipitation [10,12]. In some studies,
Cr2N formation is characterized as clusters of dark etched particles (de-
pending on the etchant used), mainly within the ferrite grains [39], and
to a lower extent at δ/δ and δ/γ grain boundaries [10]. A similar charac-
teristic in the form of coarse and dark etched colonieswas observed pri-
marily in the middle of δ grains, visible in Fig. 9(a)–(c).

Fig. 11 presents temperature over time for the HAZ (measured at 2
and 3 mm distance from the fusion boundary) plotted on a time tem-
perature precipitation (T.T.P.) diagram of S 32205 [22]. From the figure,
it seems that cooling of the HAZ has taken place in a much shorter peri-
od of time than is required for formation of Cr2N and other types of pre-
cipitation. However, it should be noted that T.T.P. diagrams are
generally derived from isothermal heat treatments and do not take
the effect of different cooling rates into consideration [22]. While, Cr2N
can form under both isothermal and cooling conditions [40], it is well
established in the literature that rapid cooling rates could favor precip-
itation of Cr2N [10,37,40–43]. As can be seen from Fig. 11, the initiation
of welding almost instantaneously heated the HAZ of S 32205 to tem-
peratures above 1100 °C, i.e. temperatures at which the austenite starts
to dissolve into ferrite. The DSSs are alloyed with nitrogen, which is al-
most entirely retained in solid solutionwithin the austenite,whichhas a
high nitrogen solubility relative to the ferrite. As the partially or totally
ferritized microstructure of the HAZ cools rapidly to temperatures
below 1100 °C, the ferrite becomes supersaturated in nitrogen [10].
Consequently, the transformation behavior will not conform to that of
a duplex structure but will be as a nitrogen supersaturated ferrite

Fig. 4. Formation of coarse grains in the HAZ at the S 960 side. Bainite (B) with darker appearance can be differentiated from martensite (M). (a) WS 7.1, predominantly bainitic
morphologies; (b)WS 8, roughly even balance of bainitic and martensitic morphologies; and (c)WS 9, predominantly martensitic morphologies.

Fig. 3. SEM images of as-received parent metals: (a) S 960 containing bainite (B) and martensite (M); (b) S 32205 containing nearly parallel lamella of austenite (γ) and ferrite (δ).
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structure with very low solubility of nitrogen, which can result in com-
petition between Cr2N and austenite precipitation [10]. Hence, a very
rapid cooling rate in the HAZ cannot restrain the precipitation of Cr2N
[10,40,41,43].

The EDS analyses presented in Fig. 12 and Table 3 provide a compar-
ison between the compositions of a coarse etched ferritic domain with
that of a ferritic grain and an austenitic grain. As can be seen, no mean-
ingful variation between the compositions of the fine etched and coarse
etched ferritic domains can be ascertained. Thus, the observed contrast
between the ferritic regions can be attributed to the effect of etchant on
the topography of the surface. It should be noted thatwt.% of C is exclud-
ed from the results due to inaccuracy related to the technical difficulties
of analysis of light elements by EDS.

A high magnification SEM image of the coarse etched ferritic region
also suggests that no detrimental precipitations have taken place in this
region, Fig. 13.

The microstructure of the fusion boundary on the UHSS side of the
dissimilarweld can be seen in Fig. 14(a)–(c). Thefigure shows fully aus-
tenitic structures without noticeable formation of ferrite in the
interdendritic regions. This can indicate a fully austenite (A) solidifica-
tion mode [44].

It is claimed that type-A solidification can occur where Creq/Nieq of
the interdendritic liquid is sufficiently low that it precludes reaching
the eutectoid composition and, consequently, impedes the nucleation
of eutectoid ferrite [45]. The relation between Creq/Nieq and the solidifi-
cationmode can be observed from a schematic of the pseudo-binary di-
agram [44] shown in Fig. 15. However, the EDS analysis, discussed in the
next section, revealed ferrite stabilizing elements (i.e. Cr and Mo)
partitioned into the interdendritic regions at some parts of the weld
metals (Figs. 21 and 22). Therefore, formation of a small percentage of
δ in the interdendritic regions during the last stage of solidification
can be deduced, which further suggests a primary austenite (AF) solid-
ification mode [46].

Equiaxed grain growth of γ inWS 7.1, in contrast with columnar and
dendritic growth inWS 8 andWS 9, is also noticeable in Fig. 13. In steels
and stainless steels, fine equiaxed grains are generally considered to be
advantageous for increasing resistance to solidification cracking as well
as improving the ductility and fracture toughness of the weld [47]. It is
theorized that equiaxed growth takes place when a sufficiently long
constitutional undercooling is available, while columnar growth is a
concomitant of high cooling rates [38,47]. This is in agreement with
the more columnar dendrites observed in WS 8 and WS 9 with higher
cooling rates.

Fig. 6. Microstructure of the HAZ on the S 960 side of WS 9. The SEM image shows the
coexistence of martensite (M), lower bainite (BL) laths (within the region circled with a
dotted line), and upper bainite (BU) laths within a prior-austenite (γ) grain. Prior-γ
boundaries are clearly visible.

Fig. 7. SE and BSE SEM images of lower-bainite (BL) in the HAZ ofWS 9. Cementite (CM)
positioned between the bainite laths; decomposition products of prior-austenite (γ)
(retained-γ/martensite) are evident as elongated and roughly parallel islands.

Fig. 5.HAZ time-temperature diagramplotted on a C.C.T. diagramof a quenched and tempered steel of a comparable composition to S 960. Variation of temperaturewith time as a result of
welding was measured at distances of 2 and 3 mm from the fusion boundary in the HAZ of the S 960 metal.
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A notable feature of the weld metal in Fig. 14(a) and (c) is a narrow
unetched intermediate zone with a planar solidification. Such a charac-
teristic is commonly found at theweld interface of austenitic and ferritic
steels and is generally identified as martensite in the literature [48].
Doody [49] reported a martensitic zone when welding carbon steel to
stainless steel using Ni-based filler metals. He used the term “beaches”
to describe this intermediate mixed zone with a composition between
the compositions of the base and bulk weld metal.

Fig. 14(b) shows a distinct intermediate zone with a composite ap-
pearance of base and weld metals that characterizes a partially mixed
zone (PMZ) [47]. Omar [50] reported such regions as beaches of mar-
tensite and peninsulas possessing base metal constitution. Both afore-
mentioned intermediate zones are classified as macrosegregation in
the literature [47,51] because the compositions have a gradient over a
bulky span (100–200 μm), whereas in microsegregation the composi-
tions differ over the span of a dendrite arm or cell spacing [51].

Another form of macrosegregation with resemblance to islands that
illustrates the base metal structure [50] was found along the fusion
boundary of WS 9, as clearly seen in Fig. 16. Kou et al. [51] explained
the formation of segregated islands as occurring as a result of the differ-
ence in liquidus temperature of the base (~1530 °C) and weld metal
(~1400 °C). According to their theory, given that the liquidus tempera-
ture of the BM (TLB) is higher than that of theweldmetal (TLW), which is
the case in this experiment, the liquid weld metal in the expanse
squarely ahead of the mushy zone can be below TLB. As a result, the liq-
uid base metal swept from the mushy zone into this cooler region by
convection can solidify quickly without substantial mixing with the liq-
uid weld metal [51].

Fig. 17(a) and (b) present a SE/BSE scan of the PMZ and the associat-
ed martensitic band. The martensitic layer formed in all the weld

samples, although this feature was more prominent in WS 7.1, clearly
visible with a width of ~20 μm in Fig. 16(a). By comparison, the PMZ
contiguous with the weld metal inWS 8 features a composite structure
comprising a predominant martensitic region and some parts with
bainitic characteristic, typically surrounded with ghost prior-γ bound-
aries, seen in Fig. 17(b).

Earlier studies have shown that themartensitic layer has a composi-
tion between the ferritic steel and the austenitic weldmetal [47–49,51–
54] due to the existence of a layer of stagnant or laminar flow of liquid
base metal across the weld pool boundaries [51] and rapid cooling
from the weld thermal cycle on the fusion boundary [55]. According to
Ornath et al. [55], when the cooling time is not long enough to permit
liquid diffusion across the intermediate layer, the composition of the
layer can shift toward the martensitic range of the constitutional dia-
gram. Consequently,martensite can formuponnon-equilibriumcooling
[48]. The amount of dilution, which is conditioned by the amount of
heat input, can be decisive in creation of a martensitic layer [14]. Fig.
18 illustrates the composition of the base and filler metals
superimposed on theWRC-1992 [56] constitution diagram. The compo-
sition of the transition region would span the composition range repre-
sented by the tie-line between the base and weld metals. As can be
deduced from the figure, a higher dilution by the ferritic side, transfers
the composition (i.e., Nieq and Creq) of the transition region toward
themartensitic boundary,meaning an increased potential of martensite
formationwithin this region [48,52]. Accordingly, the formation ofmar-
tensite in the PMZ observed in Fig. 17(a) and (b) can be justified by
compositional gradient in this region. It should be noted that the segre-
gation of alloying elements (i.e., Ni, Cr, Mo) across the PMZ is further
confirmed by EDS results presented in the next section and shown in
Figs. 21 and 22.

Fig. 9.Microstructure of the HAZ of S 32205: (a) WS 7.1, (b)WS 8, (c) WS 9. Different morphologies of austenite (γ) namely, grain boundary austenite (GBA), Widmanstätten austenite
(WA) and intragranular austenite (IGA) are discernable in the figure.

Fig. 10. BSE image of the HAZ on the S 32205 side. Differentmorphologies of austenite are
seen, namely: grain boundary austenite (GBA), Widmanstätten austenite (WA), and
intragranular austenite (IGA). Fine etched and coarse etched domains of ferrite (δ) are
also detectable.

Fig. 8. BSE image of a martensitic grainwithin a prior-austenite (γ) grain boundary. Laths,
packets, and blocks of martensite (M) are discernable from the orientation of the retained
austenitic phases. The boundaries of a packet of M and its constituent blocks are outlined
in the figure with a dotted line.
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Diffusion of C from the ferritic basemetal to theNi-basedweldmetal
is another crucial factor in formation of amartensitic layer [52]. Howev-
er, no carbon migration of significance is usually found in as-welded
condition, and it is only of importance during postweld heat treatment
(PWHT) [57].

Concerning the appearance of bainitic morphology structure in the
PMZ, observed in Fig. 17(b), it can be assumed that the PMZ in these re-
gions primarily maintains the composition of the S 960 base steel with-
out substantial mixing with the weld metal.

An interesting feature of the HAZ in this work was formation of
grains almost parallel to the fusion boundary, at the root and face of
the weld, close to the surface. The parallel grains were formed abreast
of the fusion boundary, observable in Fig. 17(a). This type of grains
were mostly noticed in WS 7.1. The anomalous grain orientation may

be a by-product of a sharp temperature gradient from the fusion bound-
ary to the free face of the parent metal. It has been demonstrated that a
temperature gradient can induce grain boundarymovement toward the
direction of the gradient due to entropy of the boundaries [58]. It can be
presumed that with higher applied heat input, there was more time
available for growth and reorientation [58], hence, parallel grains were
predominantly formed in WS 7.1. Thus, HAZ microstructure may not
only be influenced by distance from the fusion boundary but can also
be affected by the thickness direction of the joint parallel to the fusion
line [59]. The parallel growth displays a similar appearance to a Type II
boundary in weld metal, which has been reported in dissimilar weld
metal between austenitic and ferritic steels and which is known for
high susceptibility for providing a crack propagation path to the base
metal [52].

Fig. 11. Time temperature precipitation (T.T.P.) diagram for S 32205 [22] and temperature variation against time in the HAZ of S 32205.

Fig. 12. EDS analysis of compositional elements within (1) a coarse etched ferritic domain, (2) an austenitic grain, and (3) a fine etched ferritic grain.
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It is known that PMZ is susceptible to liquation and hydrogen crack-
ing and can suffer from loss of strength and ductility [47]. Liquation
cracking is intergranular and can occur when weakened grain bound-
aries of PMZ are pulled by solidification shrinkage of solidifying weld
metal [47]. Savage et al. [60] pointed out that formation of a liquated
film on the PMZ grain boundaries can provide a favored path for hydro-
gen diffusion across the fusionboundary and, hence, increase thehydro-
gen cracking risk. There are some reports indicating that the liquated
material can solidify with severe segregation, resulting in a weak PMZ
microstructure [47].

Fig. 19(a)–(c) reveals a fully austenitic microstructure of the weld
metal on the duplex side of the weld. As can be seen, the grain growth
is mainly perpendicular to the fusion line for all samples, because of a
high thermal gradient perpendicular to the fusion boundary, as well as
the easy growth direction of the austenitic structure [14,47]. Nearly
equiaxed cellular growth was prominent in WS 7.1, while columnar
growth of dendrites or a combination of cellular and columnar growth
were observed for WS 8 and WS 9. It should be noted that in Fig. 19
the austenite grains look darker than the intergranular region due to

the effect of the secondary etchant used for the duplex side. Similar to
the ferritic side, accumulation of Cr and Mo was noticed in some
interdendritic areas (Fig. 23), which can be a corroborative indication
of ferrite formation and AF solidification mode.

Fig. 19(b) and (c) clearly reveal the existence of an intermediate
zone with a different structure from the base and bulk weld metal. In
like manner as on the S 960 side, macrosegregation is considered to be
the reason for the variation in chemical composition that led to a differ-
ent solidification mode in the intermediate region. In Fig. 19(b),
macrosegregation characterizes the PMZ, while in Fig. 19(c) it presents
as a composite structure made of a PMZ and unmixed zone (UMZ).

The PMZ indicates a primary ferritic solidification (FA) mode during
whichprimary-δ transformed toγ through a peritectic-eutectic reaction
in the liquid state [38]. The structure comprises a vermicular or skeletal
morphology of the delta ferrite in a matrix of γ, delineated in Fig. 19(b)
and (c). FA solidification can occurwhen Creq/Nieq is slightly higher than
the eutectic composition [44]. Most of the primary formed ferrite is un-
stable and transforms to γ via diffusion-controlled transformation [61]
upon cooling. However, during the final transient stage of solidification,
Cr partitions to the dendrite interstices and the Cr-enriched, Ni-deplet-
ed ferrite remains stable at room temperature [44]. It is well established
that the retention of δ in the FA mode can considerably ameliorate hot
cracking susceptibility of austenitic weld metals [47,62].

Table 3
Chemical composition (wt.%) analysis of (1) a coarse etched ferritic domain, (2) an austen-
itic grain, and (3) a ferritic grain. Note that thewt.% of C is excluded from the results, due to
probable inaccuracy in EDS analysis of light elements.

Points of analysis Si Cr Mn Fe Ni Mo

Point 1 (coarse etched δ) 0.5 21.1 1.6 55.4 4.3 2.9
Point 2 (δ) 0.5 23.4 1.7 64.1 5.3 2.8
Point 3 (γ) 0.5 23.4 1.5 62.1 4.6 3.4

Fig. 13. SEM image of the microstructure of coarse etched ferritic sites. No detrimental
secondary precipitation is detectable in the micrograph.

Fig. 14.Microstructure of weld metal proximate to the fusion boundary on the S 960 side of the weld. (a)WS 7.1, (b)WS 8, and (c)WS 9. The weld metal characterizes primary austenite
(AF) solidification mode. Equiaxed grain growth of γ is distinguishable inWS 7.1, which contrasts with columnar and dendritic growth inWS 8 and WS 9. Martensitic layers (M) and a
partially mixed zone are marked on the micrographs.

Fig. 15. Schematic of a pseudo-binary diagram [44] for an alloy containing about 70 wt.%
Fe. In the diagram, values are not assigned to Creq/Nieq ratios and temperatures since the
composition of the alloy used may not correspond with that in the original diagram.
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The UMZ, which appeared in the form of a peninsula in Fig. 19(c),
signifies a ferritic structure similar to the coarse grains formed in the
HAZ. It is hypothesized, with reference to fluid mechanics [63], that

the UMZ can form due to a stagnant or laminar flow layer at the solid-
liquid interface between the weld pool and base metal [51].

In Fig. 19(c), a dark line analogous to a micro-crack is detectable
which is a scratchmade on the surface prior to etching. It is worthmen-
tioning that DSSs are generally reported as being very resistant to solid-
ification cracking, HAZ liquation cracking and hydrogen induced
cracking [64–67].

The nucleation of γ dendrites within the PMZ and UMZwere gener-
ally epitaxial, having a similar crystallographic orientation relationship
to the substrate γ grains formed in the HAZ.

In line with expectations, as the cooling rate slowed down with in-
crease of distance from the fusion boundary toward the weld axis,
equiaxed growth became more dominant in all weld samples, as can
be seen in Fig. 20. In addition, a heterogeneous nucleation of γwith ran-
domdisorientation can be noticed in thefigure. One explanation for this
feature may be variation in composition due to inconsistent mixing of
the liquid filler and base metal and/or possible inclusions that could
act as independent nucleation sites within the weld metal [47].

3.3. Chemical Composition

In arc welding of dissimilar metals, multiple factors prevent a com-
plete and consistent mixing between the base metals and filler metal

Fig. 16. Macrosegregation formed inside the weld metal, parallel to the fusion boundary.
The islands appear to have a similar structure as the base metal.

Fig. 17. SE and BSE SEM images of theWS 7.1 andWS 8 fusion boundary on the S 960 side. (a) BSE image of theWS 7.1 fusion boundary shows planar solidification of themartensitic band
and formation of martensitic grains parallel to the fusion line. (b) SEM image of the partially mixed zone (PMZ) along the fusion boundary of theWS 8. The PMZ is characterized by a
composite structure, dominantly martensite (M), and some regions resembling a bainitic structure, generally boarded by the remains of a prior-austenite (γ) boundary.

Fig. 18.WRC-1992 constitution diagram [56]with the composition of the S 960 and S 32205 basemetals and 16.55fillermetal overlaid on thediagram. The dilution (%) is assessed from the
weld cross-sectional area of theWS 7.1 specimen and is estimated as 17.5% and 19.4% for the S 960 and S 32205, respectively.
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(if used). These factors include thermochemical differences, thewelding
technique and welding parameters, joint design, nature of fluid flow,
and rejection of solute from the molten alloy as it solidifies under
non-equilibrium solidification [68]. The latter can be further explained
by the expectation that under true equilibrium, for the duration of solid-
ification and after solidification, no composition gradient is theoretically
possible.

Segregation of alloying elements toward the core of cells or dendrite
arms upon non-equilibrium solidification results in microsegregation,
which can have a consequential effect on solidification cracking [47,
68]. In contrast, macrosegregation occurs as a consequence of incom-
plete mixing of constituents from the two parent metals and filler
metal, and is referred to as a marbling effect in the literature [68].
Despite a desire for uniform dilution and thereby a homogenous
microstructure and chemical-mechanical properties of the weld,
heterogeneousity is virtually inevitable in dissimilar welding practices
[68]. Convection is the most prominent phenomenon causing stirring
of the weld pool. However, convention alone cannot usually induce
flawless mixing [68].

Fig. 21 presents EDSmapping of themajor alloying elements (i.e. Fe,
Cr, Ni, Mo) across the weld metals. It should be mentioned that C is ex-
cluded due to uncertainty in the analysis as a result of its light element
character. A chemical composition gradient in theweld samples is clear-
ly visible in Fig. 21(a)–(c). It should be noted that forWS 9, the figure is
mirrored relative to (a) and (b), i.e. forWS9 theUHSS is on the right and
DSS on the left side of the figure.

Generally, three forms of macrosegregation are promulgated in the
literature [47,51,68,69]. Thesemacrosegregation types are filler-deplet-
ed zones along the fusion boundary (i.e. PMZ and UMZ) or across the
width of the weld as its centerline approaches (i.e. islands with compo-
sition between the base metal and bulk weld metal) and a filler-
enriched zone at the weld bottom. All of the above-mentioned forms
are observable in Fig. 21(a)–(c).

As noted earlier, numerous factors can affectmixing efficiency in the
weld pool and understanding their interrelated effects in mixing

becomes more demanding when three different metals are involved
(i.e. two base metals and the filler metal) with different melting tem-
peratures and remarkably different compositions. The mechanism be-
hind macrosegregation phenomena in dissimilar arc welding is still
not entirely understood [21,51] and is beyond the scope of the current
study. However, in this work efforts to explain the compositional het-
erogeneity are made using available theories in the literature.

As was noted earlier, a PMZ and a narrowmartensitic bandwere ob-
served on the ferritic side of the welds (Figs. 14 and 17). Ornath et al.
[55] confirmed that this narrow band is richer in Fe and Cr than Ni.
Such a composition is detectable at the intermediate boundary of all
the samples, shown in Fig. 21(a)–(c). As previously explained,
macrosegregation in the intermediate zone can move the composition
toward the martensitic range. It has been presented that as the Ni con-
tent increases, the segregation band declines, and the band no longer
exists where Ni content is high enough to permit primary-γ solidifica-
tion [48,50,55]. An increase in the concentration gradient of Ni can be
reasonably implied from EDS analysis of WS 7.1, shown in Fig. 22. As
can be seen, the PMZ has appreciable Fe and Cr contents, while Ni ap-
pears as aminor alloying element. However, Ni concentration rises sub-
stantially in a direction toward theweld center. Accordingly, austenite is
stabilized and the formation of the martensitic band is restrained.

Filler-depleted islands are another distinct feature highlighted in Fig.
21(a) and (c). The composition suggests that the islands in Fig. 21(a)
originated from the S 960 side and solidified prior to being mixed and
dispersed in the weld pool. The composition of the islands in Fig.
21(c) indicates that they solidified with minimal mixing with the
weld metal and primarily the composition of the parent metal. A mech-
anism associatedwith formation of these islands, suggested byKou et al.
[51], was expounded in the previous section. Suffice to say here that the
liquid weld metal that is swept to the weld pool by convection can be
surrounded by cooler liquid weld metal, immediately after the mushy
zone, and solidifywithout significantmixing. In the case ofWS7.1, how-
ever, the segregated islands are located either at the centerline or very
close to it. Messler [68] suggested that this macrosegregation pattern

Fig. 19.Microstructure of the fusion boundary andweldmetal at the S 32205 side of (a)WS 7.1, (b)WS8, and (c)WS 9. Micrographs (b) and (c) delineate an intermediate zone in the form
of a partially mixed zone (PMZ) and unmixed zone (UMZ). Primary ferrite (FA) solidification in the PMZ is noticeable in contrast to primary austenite (AF) in theweld zone. Austenite (γ)
grains and retained skeletal ferrite (δ) are also seen in this figure.

Fig. 20.Microstructure of the weld metal around theweld axis: (a)WS 7.1, (b)WS 8, and (c)WS 9. In all samples, more granular and equiaxed austenitic growthwas noticed at the lower
cooling rates farther from the fusion line.
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can mainly form from solute ahead of the solidification front that is
swept to the last liquid zone at the centerline and caught by the advanc-
ing solidification front from either side of the weld before being truly
mixed. He further argued that this type of macrosegregation can be in-
tensified by shrinkage of the liquid metal upon solidification [68].

Another form of macrosegregation is apparent in Fig. 21(b) as
accumulation of alloying elementswithin theweld-bottom,which is re-
ferred to in the literature as afiller-rich zone [69]. Themacrosegregation
at the weld-bottom could be explained by a mechanism that was put
forward by Yang et al. [69] for when the liquidus temperature of the fill-
er metal (TLF) b TLB. The liquidus temperature condition is valid for the
current experiment having an austenitic filler with TLF ≈ 1400 °C and
S 960 basemetal with TLB≈ 1530 °C. Depending on the amount of dilu-
tion, the composition of theweldmetal can vary between that of thefill-
er and base metals; hence, it can be assumed that TLw b TLB. The
composition of partially mixed filler metal close to the weld pool bot-
tom at the solidification front may be closer to that of filler metal.
Thus, it can be assumed that the liquidus temperature of the filler

metal (TLFPM) b TLW b TLB, in this region. A layer of stagnant or lami-
nar-flow can be expected to prevail along the pool boundary, because
of an apparent “no-slip” boundary condition at a solid wall, according
to fluid mechanics [63]. Therefore, the filler-rich liquid in this region
can solidify prior to complete mixing. However, convection can convey
some liquid basemetal into the cooler filler-rich zone, and it can solidify
quickly in the formof filler-depleted “streaks or swirls”within thefiller-
rich zone [69], detectable in Fig. 21(b).

In the experiment and specific weld pad examined in this work, the
segregation probably happened due to asymmetrical geometry of the
melted joint,which is clearly visible in Fig. 21(b). It is known that during
arc welding, the electromagnetic force enhances mixing in the weld
pool by transferring the filler droplets to the bottom of the pool and
then driving the melt upward along the fusion boundary and finally
pushing themelt toward the center of the pool [70]. However, in the ex-
amined weld specimen, projected base metal in the weld pool
obstructed the mixing pass, and thus, the transferred filler droplets for
the weld bottom mostly found their way upward along the ferritic

Fig. 21. Concentration gradient of somemajor alloying elements (Fe, Cr, Ni, andMo) through theweld as shown by EDS analysis of (a)WS 7.1, (b)WS8, and (c)WS 9. Note that the ferritic
and duplex side is mirrored in (c), i.e. UHSS is on the right side and DSS on the left side of the figure.

Fig. 22. EDS compositional analysis of WS 7.1 on the ferritic side of the weld.
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side of the fusion boundary, while the rest solidified as a filler-rich area
at the bottom of theweld prior to being able tomelt down the projected
obstacle.

Although investigating the reason behind the emergence of the
asymmetrical profile is not within the scope of this study, it is nonethe-
less worth briefly noting that the difference in the thermo-physical
properties of the parent materials could have a considerable effect on
the geometry. The assumption is that the duplex side melts faster at
the initiation of welding because of the lower thermal conductivity in
comparison with the ferritic side. However, over time, the thermal con-
ductivity of S 32205 sharply increases with increase in the temperature.
The S 960 side, however, shows the opposite trend, so that at tempera-
tures around 1550 °C the thermal conductivity dropped below that of
the duplex side [71] and it thus melted faster. Nevertheless, this mech-
anism alone cannot explain fully the unsymmetrical melting, as it did
not follow the same pattern in all samples.

The segregation of Cr and Mo (ferrite stabilizers) into interdendritic
regions is revealed in Fig. 21 and more clearly in Fig. 22. Segregation of
Cr andMo can be a strong indication for nucleation of eutectic ferrite in
the interdendritic regions. According to Lippold et al. [44], during the
final transition stage of primary-γ solidification, Cr intensely partitions
to the dendritic interstices, while segregation of Ni remains insignifi-
cant, which is in agreement with the EDS analysis shown in Fig. 22.

Fig. 23 illustrates the EDS analysis of the PMZ and UMZ detected in
the intermediate zone at the duplex side ofWS 9 (Fig. 19). In the figure,
the PMZ shows Ni content between the base and the bulk weld metals,
which provides further evidence for diffusion of Ni from fillermetal into
this region. The segregationmechanism for PMZ suggested by Kou et al.
[51] cannot be associated with this region, since DSS and ASS have al-
most identical melting temperature. Therefore, as suggested earlier,
the limitedmixing of the intermediate zonemay be a result of a laminar
or stagnant liquid flow along the solid/liquid interface walls as well as
an increased cooling rate [63].

Aswas shown in Fig. 19, the PMZ is characterized as primary-δ solid-
ification. This conclusion can also be drawn from Fig. 23. The formation
of a PMZ occurred at the Cr-rich side of the eutectic liquidus (Fig. 15),
which enabled FA solidification. As can be seen in the figure, Ni is
defused to the secondary austenitic phase, while Cr andMo are rejected
from γ and partitioned toward the residual primary-δ, which is retained
as skeletal δwithin theγ grains [44]. Fig. 23 also reveals the composition
of the detected peninsula, which resembles a thumb in this figure. As
expected, this region has virtually the same composition as the parent
metal, which validates its recognition as UMZ.

4. Conclusions

In the current study, dissimilar GMAW welds of Optim 960 QC (S
960) direct-quenched ultra high strength steel and UNS S32205 (S
32205) duplex stainless steel were made using a fully austenitic filler
wire and applying three different welding speeds. Transmutation of
the microstructure and characterization of the chemical composition
under the influence of different heat inputs were described in detail.
The following observations are particularly noteworthy:

When studying the HAZs, higher heat input enhanced bainitic trans-
formation on the ferritic side, andmore martensite were observed with
the higher cooling rates (WS 8 and WS 9). A beneficial effect of higher
heat input was noticed in that it enhanced the austenitic growth on
the duplex side (WS 7.1). No detrimental precipitation was observed
with the range of heat inputs applied.

When studying the fusion boundaries, macrosegregation was the
most prominent feature. Formation of macrosegregation was affected
by mismatches in the chemical composition and thermal properties of
the base and filler metals as well as the amount of heat input.

It was found that on the ferritic side, macrosegregation resulted in
the formation of a martensitic band in all samples and filler-depleted
islands in WS 9. On the duplex side, macrosegregation, in the form of
partially mixed and/or unmixed zones (PMZ/UMZ) with a different so-
lidification mode than the bulk weld metal, only appeared with higher
cooling rates.

In the case of the bulk weld metal, more granular and equiaxed aus-
tenite formedwith the higher heat input (WS7),while dendritic and co-
lumnar austenitic growthwas noticedwith the higher cooling rates (WS
8 and WS 9).

The composition of the weld metal was more homogeneous when
the higher heat input was applied (WS 7.1). With the lower heat inputs
(WS 8 and WS 9) the disparity in the composition (i.e. Cr, Ni and Mo)
was considerable.
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ABSTRACT 
The effect of heat input on the microstructure and 

mechanical properties of dissimilar welds of direct-quenched 

ultrahigh strength steel (Optim 960 QC) and duplex stainless 

steel (UNS S32205) was studied. The effect of heat input on 

grain coarsening and the proportion of bainite-martensite on the 

ferritic side and ferrite-austenite on the duplex side was clearly 

evident. The hardness profile showed a trend of increasing 

hardness with lower heat input. Enhancement in tensile strength 

corresponded to lower heat input and increase in hardness. The 

elongation values and bend behavior were roughly the same for 

all the specimens; there was no clear link to the heat input. 

Moderate heat input gave optimum impact toughness in the 

weld and the ferritic HAZ. The fatigue performance of the 

specimens demonstrated the profound influence of geometrical 

effects. However, the effect of microstructural characteristics on 

fracture location was also observed. 

INTRODUCTION 
Selection of materials is always a major step in modern 

engineering design and can directly affect the life expectancy, 

performance and cost of the final product [1]. In recent years, 

many newly developed materials with different material 

properties have been added to the already lengthy list of 

available options. In the case of structural and weldment design, 

new grades of steel are being developed to meet new challenges 

in terms of chemicophysical and mechanical properties. In 

addition to new engineering requirements, demands for more 

cost-effective materials give additional impetus to the continued 

development of new grades. Direct-quenched (DQ) ultrahigh 

strength steel (UHSS) is a relatively new development that 

offers a combination of lower production cost and superb 

engineering properties. Knowledge of the weldability of UHSS 

DQ in similar and dissimilar configurations is a necessity to 

enable full exploitation of the promising features of this new 

steel grade. The mechanical and fracture properties of welded 

UHSS DQ have recently become the focus of research.  

Farrokhi et al. [2] in study of welding of UHSS DQ with a 

high-power fiber laser process reported a high-quality weld with 

slight HAZ softening and satisfactory tensile strength. Guo et al. 

[3], also using a laser welding process, demonstrated a defect-

free weld with a matching strength to that of the base metal. 

However, they reported a drop and rise in the hardness of the 

HAZ and fusion zone, respectively. In addition, they noticed a 

reduction in impact toughness of the weld compared with the 

base metal. Wallin et al. [4] reported lower fracture toughness 

of the weld in comparison with the base metal. They stated that 

the HAZ adjacent to the fusion boundary was the most brittle 

region. Siltanen et al. [5] studied welds of UHSS DQ made 

using either a laser or hybrid laser and GMAW welding process. 

They noticed HAZ softening occurred regardless of the process. 

However, in the case of autogenous laser welding, the softening 

was limited to a narrow region. They recommended an under-

matching filler wire for improved impact toughness when using 

hybrid processing. Nykänen et al. [6] estimated a 12-21% 

reduction in fatigue strength for an as-welded joint made using 

GMAW, based on experimental and analytical data.  
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Although similar welding of UHSS DQ has been the 

subject of several studies in the literature [2-7], dissimilar 

welding of this grade has received little attention [8]. The 

current study evaluates dissimilar welding of UHSS DQ and 

duplex stainless steel (DSS). The excellent mechanical 

properties and acceptable cost of the two grades, together with 

the excellent corrosion resistance of DSS, imply that such welds 

have significant potential for many contemporary industrial 

applications, such as offshore construction, lightweight 

structures and transportation, as well as for novel applications 

requiring a combination of high mechanical performance and 

good corrosion resistance where cost and weight are major 

considerations. However, the weldability of such a combination 

in terms of microstructure and mechanical characteristics is not 

sufficiently understood.  

The objective of this study is to provide new insights and a 

comprehensive understanding of the microstructural properties 

and mechanical and fatigue behavior of such dissimilar welds 

under the influence of different heat inputs. To this end, 

dissimilar welds were made between Optim 960 QC, a 

commercial UHSS DQ grade, and UNS S32205 duplex 

stainless steel using GMAW with an austenitic filler wire and 

applying three different heat inputs. The study analyzes the 

mechanical properties and fatigue behavior of the weld samples 

with reference to the amount of heat input and the resultant 

microstructural characteristics.  

EXPERIMENTAL PROCEDURE 
As-received plates of Optim 960 QC ultrahigh strength 

steel (UHSS) and UNS S32205 duplex stainless steel (DSS) 

were machined to dimensions of 350×150×5 mm (ISO 15614-

1) and V-grooves prepared with an angle of 60° in butt joint 

configuration. The root-face and airgap were both zero and 

removable fiberglass tapes were used for backing. Single pass 

welds were made on the joints using a fully automated GMAW 

machine with three different welding speeds, namely, 7.1 mm/s, 

8 mm/s and 9 mm/s. An austenitic filler wire, Esab OK Autrod 

16.55 (1 mm diameter), was utilized for the welds under a 

constant shielding gas (98 % Ar + 2 % CO2) at a flowrate of 15 

l/min, and with a fixed tip-to-work distance of 13 mm. A 

schematic of the weld joint is shown in Fig. 1. The chemical 

composition of the base and filler metals are presented in Table 

1. The three sets of parameters used for the welding samples are 

presented in Table 2.  

It should be noted that a fully austenitic filler wire was used 

with the aim of obtaining a welded joint with desirable strength, 

ductility and toughness. The composition of the filler metal was 

selected based on estimations obtained from the WRC-1992 [9] 

constitution diagram for minimum potential martensite 

formation at the weld interface on the ferritic steel side. The 

shielding gas mixture used was selected for a broad penetration 

and enhanced weld bead quality for the combination of the base 

and filler metals used. In the current study, for convenience, the 

base and filler metals are denominated as S 960, S 32205 and 

16.55, and the weld samples are named WS 7.1, WS 8, WS 9, 

according to the welding speed used when producing the weld. 

 

FIGURE 1. SCHEMATIC OF THE JOINT SETUP USED IN THE 

EXPERIMENTS. 

TABLE 1. CHEMICAL COMPOSITION (WT. %) OF THE BASE AND 

FILLER METALS. 
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TABLE 2. THREE SETS OF WELDING PARAMETERS USED FOR 

PREPARING THE SAMPLES: ARC CURRENT (I), ARC VOLTAGE 

(U), WELDING SPEED (v), WIRE FEED SPEED (WFS), ARC ENERGY 

(E) AND HEAT INPUT (Q). 

I (A) U (V) v (mm/s) WFS (m/min) E (kJ/mm) Q (kJ/mm) 

257 29.8 7.1 10.6 1.08 0.86 

224 28.7 8 10 0.80 0.64 

204 26.4 9 9 0.60 0.48 

The weld specimens were cut from the as-welded plates in 

accordance with EN ISO 15614-1 for destructive tests. The 

ferrite number (FN) of the welds were measured using a 

ferritescope device according to EN ISO 8249 standard. 

Metallography samples were polished (final polish with 1 µm 

diamond paste) and etched in compliance with EN ISO 17639 

standard for microscopic examination of welds and ISO/TR 



 

 3 Copyright © 2017 by ASME 

16060 for etchants. The DSS side was etched using a standard 

Cuprochloric solution 2 (5g CuCl2 + 100 ml HCl + 100 ml 

C2H5OH + 100 ml H2O) and Nital (95 ml C2H5OH + 5 ml 

HNO3) was used for etching the UHSS side. The etching time 

was 15 s and 30 s for Nital and Cuprochloric solution 2, 

respectively. Light microscopy and scanning electron 

microscopy (SEM) were used to delineate the microstructural 

features in the HAZs and fusion zones. 

 Vickers hardness tests (HV5) were carried out on the 

etched samples at room temperature using 49.03 N force, in 

compliance with EN ISO 9015-1 and ISO 6507-1. 

Weld specimens were machined to the geometries 

recommended by EN ISO 4136, EN ISO 5173 and EN ISO 

9016 standards for tensile, bending and Charpy impact tests, 

respectively. Tensile tests were performed at room temperature 

on two sets of samples made from each type of weld. 

Transverse face bending (TFB) and transverse root bending 

(TRB) tests were separately performed on two specimens made 

for each type of weld. The Charpy V-notch impact test was 

performed at -40 °C using a pendulum impact testing machine 

with an impact energy of 150 J. The test was replicated on 6 

specimens with a notch either on the weld center or 1 mm offset 

from the weld center toward the UHSS base metal. In addition, 

three specimens of each type of weld were machined for fatigue 

testing and the results were analyzed according to IIW 

recommendations [10]. 

MACROSTRUCTURE 
A macrograph of the weld specimens prepared for this study is 

shown in Fig. 2. In the figure, the effect of grain coarsening can 

be discerned on the HAZ of both the S 960 and S 32205 base 

metals, on the left and right side of the welded joints, 

respectively. However, the appearance of coarse grains extends 

over a wider span on the S 960 side than the S 32205 side, 

which is indicative of higher sensitivity of the S 960 base metal 

to the heat input than the S 32205 metal.  

 

FIGURE 2. MACROGRAPH OF WELD SAMPLES: (a) WS 7.1; (b) WS 

8; (c) WS 9. IN THE FIGURE, THE EFFECT OF GRAIN COARSENING 

CAN BE NOTICED ON THE HAZ OF THE S 960 BASE METAL (LEFT 

SIDE OF THE WELDED JOINT) AND S 32205 (RIGHT SIDE OF THE 

WELDED JOINT). 

MICROSTRUCTURE 
The microstructure of the HAZ of the weld samples on the 

S 960 side at a distance of about 1 mm from the fusion 

boundary is shown in Fig. 3 (a)-(c).  

 

FIGURE 3. MICROSTRUCTURE OF COARSE GRAINED HAZ AND 

FUSION ZONE ON THE S 960 AND S 32205 SIDE OF THE WELDS. IN 

THE HAZ OF THE S 960, LATHS OF BAINITE (B) WITH DARKER 

APPEARANCE CAN BE DIFFERENTIATED FROM MARTENSITE 

(M): (a) WS 7.1, PREDOMINANTLY BAINITIC; (b) WS 8, ROUGHLY 

EVEN BALANCE OF BAINITIC AND MARTENSITIC 

MORPHOLOGIES; AND (c) WS 9, MOSTLY MARTENSITIC. 

MICROSTRUCTURE OF THE WELD METAL PROXIMATE TO THE 

FUSION BOUNDARY ON THE S 960 SIDE OF THE WELD: (d) WS 7.1, 

(e) WS 8 AND (f) WS 9. MICROSTRUCTURE OF THE FUSION 

BOUNDARY AND WELD METAL ON THE S 32205 SIDE OF THE 

WELD: (g) WS 7.1, (h) WS 8, AND (i) WS 9.  

The micrographs show significant grain coarsening as a result 

of austenitization of the HAZ. With initiation of welding, the 

temperature of the coarse HAZ almost instantaneously rises to 

ranges beyond the upper intercritical temperature (AC2) at 

which the microstructure mostly transfers to austenite. 

Following cooling below the lower intercritical temperature 

(AC1), decomposition of austenite starts. Subsequently, further 

cooling inaugurates bainitic transformation, which proceeds by 

martensitic formation at lower temperatures [8]. It appears that 

the amount and morphology of the formed phases are to some 

extent influenced by the heat input. For instance, bainitic phase 

is dominant in WS 7.1, while martensite dominates in the HAZ 

of WS 9, as can be seen in Fig 3 (a) and (c) respectively. By 

comparison, bainite and martensite are almost evenly 

distributed in the HAZ of WS 8, as seen from Fig. 3 (b). 

The SEM image shown in Fig. 4 illustrates details of the 

HAZ microstructure. In this figure, only the HAZ of WS 9 is 

shown, as the microstructural features were similar for all the 

samples. It can be seen from the micrographs that the bainitic 

constituent in the HAZ is predominantly made of lower bainite 

laths. The laths of lower bainite generally partition the prior-

austenite grains and intersect each other, as can be seen within 

the region circled with a dotted line in Fig. 4. In contrast, laths 

of upper bainite are almost parallelly-aligned and fill the prior-

austenite grains [11]. 
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FIGURE 4. MICROSTRUCTURE OF THE HAZ ON THE S 960 SIDE 

OF WS 9. THE SEM IMAGE SHOWS THE COEXISTENCE OF 

MARTENSITE (M), LOWER BAINITE (BL) LATHS (WITHIN THE 

REGION CIRCLED WITH A DOTTED LINE), AND UPPER BAINITE 

(BU) LATHS (WITHIN THE REGION DELINEATED WITH AN 

OVAL).  

The microstructure of the fusion boundary on the S 960 

side of the dissimilar weld can be seen in Fig. 3 (d)-(f). The 

figure shows primary-austenite (AF) solidification mode for all 

samples [12]. Equiaxed grain growth of austenite is visible in 

WS 7.1, in contrast with columnar and dendritic growth in WS 8 

and WS 9. It has been found that equiaxed growth takes place 

over a long constitutional undercooling, while columnar growth 

is a concomitant of high cooling rates [13,14]. This is in 

agreement with the more columnar dendrites observed in WS 8 

and WS 9 with higher cooling rates. It should be mentioned that 

the cooling rate is conditioned by the heat provided during 

welding. As the welding speed increases, the amount of heat 

input decreases which results in a faster cooling rate. 

A notable feature of the weld metal in Fig. 3 (d)-(f) is a 

narrow unetched intermediate zone with a planar solidification. 

Such a characteristic is commonly found on the weld interface 

of austenitic and ferritic steels and is generally identified as 

martensite in the literature [15,16]. Fig. 5 (a) presents a BSE 

image of the martensitic band contiguous with the fusion 

boundary of the WS 7.1. The martensitic layer formed in all the 

weld samples, although this feature was more prominent in WS 

7.1, and is clearly recognizable with a width of ~ 20 μm in Fig. 

5 (a). 

Fig. 3 (e) shows a distinct intermediate zone with a 

composite appearance of base and weld metals that 

characterizes a partially mixed zone (PMZ) [14]. Omar [17] 

reported such regions as beaches of martensite and peninsulas 

possessing base metal constitution. Fig. 5 (b), presents a high 

magnification SEM image of the PMZ adjacent to the weld 

metal in the WS 8. As can be seen from the figure, the PMZ 

features a composite structure comprising a predominantly 

martensitic region and some parts with bainitic characteristic, 

typically surrounded with ghost prior-austenite boundaries. 

Both aforementioned intermediate zones (Fig. 5 (a) and (b)) are 

classified as macrosegregation in the literature [14,18] because 

the compositions have a gradient over a broad span (100-200 

µm), whereas in microsegregation the compositions differ over 

the span of a dendrite arm or cell spacing [18]. The amount of 

dilution, which is conditioned by the amount of heat input, can 

be determining in creation of a martensitic layer [19]. Earlier 

studies have shown that the martensitic layer has a composition 

between the ferritic steel and the austenitic weld metal [15,18] 

due to the presence of a layer of stagnant or laminar flow of 

liquid base metal across the weld pool boundaries [18] and 

rapid cooling on the fusion boundary [20]. When the cooling 

time is not long enough to enable liquid diffusion across the 

intermediate layer, the composition of the layer can shift toward 

the martensitic range of the constitutional diagram. As a result, 

martensite can form upon non-equilibrium cooling [8,15,20]. 

 

FIGURE 5. SE AND BSE SEM IMAGE OF THE FUSION BOUNDARY 

ON THE S 960 SIDE. (a) BSE IMAGE OF THE WS 7.1 FUSION 

BOUNDARY SHOWS FORMATION OF A MARTENSITIC BAND. (b) 

SEM IMAGE OF THE PARTIALLY MIXED ZONE (PMZ) ALONG 

THE FUSION BOUNDARY OF THE WS 8. 

The microstructure of the HAZ and fusion boundary on the 

DSS side is illustrated in Fig. 3 (g)-(i). The final microstructure 

of the HAZ is determined by solid-state phase transformations 

from austenite to ferrite and vice versa that take place during 

welding [21]. As seen in the figure, the HAZ has undergone a 

distinct change in microstructure, and grain coarsening is 

evident. 

The main morphology of austenite is grain boundary 

austenite (GBA), which is detectable by allotriomorphic 

formations on the prior-ferrite grain boundaries [19,22], and 

GBA is evident on the boundaries of coarse ferrite grains in Fig. 

3 (g)-(i). Widmanstätten austenite (WA), another common 

morphology, nucleates at lower temperatures than GBA [13]. 

WA grows as needle-like elongated plates, usually initiating 

from GBA and extending toward the ferrite grains [19], as can 

be seen in Fig. 3 (g)-(i). The different morphologies of austenite 

are better visible in the SEM image in Fig 6. 
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FIGURE 6. SEM IMAGE OF THE HAZ OF WS 7.1 ADJACENT TO 

THE FUSION BOUNDARY ON THE S 32205 SIDE. DIFFERENT 

MORPHOLOGIES OF AUSTENITE (γ) ARE SEEN, NAMELY: GRAIN 

BOUNDARY AUSTENITE (GBA), WIDMANSTÄTTEN AUSTENITE 

(WA), AND INTRAGRANULAR AUSTENITE (IGA). FINE ETCHED 

DOMAINS OF FERRITE (δ) ARE ALSO DETECTABLE. 

In Fig. 6, some growth of intragranular austenite (IGA), 

scattered within the ferrite grains can be seen (also discernable 

in Fig. 3 (g)-(i)). The lattice diffusion of IGA is known to be 

slower than allotriomorphic growth of GBA. As a result, IGA 

will mainly grow when enough undercooling is available [19]. 

Thus, in this study, IGA morphology only appeared in small 

amounts compared with GBA and WA [23]. It is worth 

mentioning that precipitation of chromium nitride (Cr2N), is a 

commonly reported feature in the HAZ of DSS [8,22]. 

However, such precipitation was not noticed in the current 

experiment.  

Similar to the ferritic side, primary-austenite solidification 

of the weld metal on the duplex side of the fusion zone can be 

detected from the micrographs. It should be noted that in Fig. 3 

(g)-(i) austenite grains appear darker than the intergranular 

region due to the effect of the secondary etchant used for the 

duplex side.  

Fig. 3 (h) and (i) clearly reveal the existence of an 

intermediated zone with a different structure from the base and 

bulk weld metal. In like manner as on the S 960 side, 

macrosegregation is considered to be the reason for the 

variation in chemical composition leading to a different 

solidification mode in the intermediate region. In Fig. 3 (h), 

macrosegregation characterizes a PMZ, while in Fig. 3 (i) it 

presents as a composite structure made of a PMZ and unmixed 

zone (UMZ). The PMZ indicates a primary ferritic 

solidification (FA) mode during which primary-ferrite 

transformed to austenite through a peritectic-eutectic reaction in 

the liquid state [13]. FA solidification can occur when Creq/Nieq 

is slightly higher than of the eutectic composition [24]. The 

structure comprises a vermicular or skeletal morphology of the 

delta ferrite in a matrix of austenite, delineated in Fig. 3 (h) and 

(i). 

The microstructure of the fusion zone around the weld axis 

is shown in Fig 7 (a)-(c). As can be observed from the figure, as 

the cooling rate slowed down with increase of distance from the 

fusion boundary toward the weld axis, equiaxed growth became 

more dominant in all weld samples.  

The average ferrite number (FN) of the austenitic weld 

metal, obtained from six ferrite readings, was 1.8, 1.2 and 1.1 

for the WS 7.1, WS 8, and WS 9, respectively. It can be deduced 

that the higher heat input resulted in a higher dilution by the 

base metals, and thus increase of the FN. 

 

FIGURE 7. MICROSTRUCTURE OF THE WELD METAL AROUND 

THE WELD AXIS: (a) WS 7.1, (b) WS 8, AND (c) WS 9.  

HARDNESS 
Hardness values were obtained across a parallel distance of 

about 1 mm from the free faces of the weld samples along the 

indentation line shown in Fig. 8.  

 

FIGURE 8. INDENTATION ALONG FACE AND ROOT SIDE OF THE 

WELD SPECIMEN. 

The hardness profile of the face and root side of the 

specimens is shown in Fig. 9 and Fig. 10, respectively. In the 

diagrams, the labeled hardness values are associated with the 

indents that were placed approximately on the unaffected parent 

metals, initiation of the coarse grain heat affected zones, 

proximate to the fusion boundaries, and on the weld centerlines.  

As can be seen from Fig. 9 and 10, the hardness of the 

unaffected S 960 was between 310-340 HV5. It can be clearly 

seen that the hardness declines in the direction toward the 

fusion boundary. In addition, HAZ softening is more severe in 

WS 7.1, with about 25 % decline in hardness at the lowest level, 

close to the fusion boundary. However, the reduction in 

hardness ameliorated when lower heat inputs were applied, so 

that for WS 9 the maximum reduction was only about 16 %.  

Intermittent increases in hardness to a level close to that of 

the base metal (300-320 HV5) can be seen in correlation with 

the martensitic phase in the microstructure. Hardness values of 

about 290 HV5 can be associated with the bainitic phase. 

Moving forward from the coarse grain HAZ toward the fusion 

boundary, substantial attenuation of hardness at some points can 
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be noticed. The hardness of the softened points varies between 

231-258 HV5 in WS 7.1, 250-262 HV5 in WS 8, and 268-269 

HV5 in WS 9. The low dislocation density of the new coarse 

grains formed from the intercritical austenite at this region can 

be significant contributor to this softening [3,25]. 

 

FIGURE 9. HARDNESS PROFILE AT A DISTANCE LESS THAN 1 

MM FROM THE FACE SIDE OF THE WELDMENTS, IN THE 

TRANSVERSE DIRECTION FROM UNAFFECTED S 960 BASE 

METAL (LEFT) TOWARD UNAFFECTED BASE METAL S 32205 

(RIGHT). THE VERTICAL DOTTED LINE APPROXIMATELY 

INDICATES THE CENTER LINE OF THE WELD SAMPLES. THE 

POINTS THAT ARE LABELED WITH VALUES ARE 

APPROXIMATELY ON THE UNAFFECTED BASE METALS, THE 

BEGINNING OF COARSE GRAIN HEAT AFFECTED ZONES, WELD 

METAL ADJACENT TO THE FUSION BOUNDARIES AND THE 

CENTERLINE OF THE WELDS.  

The variation of hardness in the HAZ of the duplex side is 

less considerable. However, a moderate increasing trend in 

hardness profile can be discerned as measurements approach 

the fusion boundary, except for WS 7.1 on the face side. This 

increase may be related to the increased ferrite to austenite 

proportion ratio in the HAZ as a result of the thermal cycle 

experienced [26]. 

The austenitic fusion zone characterizes the softest region 

with hardness magnitudes in the range of 150-190 HV5. The 

hardness values were generally higher for WS 8 and WS 9 than 

WS 7.1. The harder weld metal can be a result of the change in 

the austenitic weld texture from more equiaxed grains in WS 7.1 

to more dendritic and columnar forms in WS 8 and WS 9. In 

addition, possible variations in the chemical composition as a 

result of macrosegregation in the weld may affect the hardness 

[8]. 

Formation of a hard martensitic layer was not seen in the 

hardness profile, possibly because the distance between the 

indentations was spaced too far apart to effectively ascertain a 

hardness layer that has a maximum width of 20 µm. 

 

FIGURE 10. HARDNESS PROFILE AT A DISTANCE LESS THAN 1 

MM FROM THE ROOT SIDE OF THE WELDMENTS, IN THE 

TRANSVERSE DIRECTION FROM UNAFFECTED S 960 BASE 

METAL (LEFT) TOWARD UNAFFECTED BASE METAL S 32205 

(RIGHT). THE VERTICAL DOTTED LINE APPROXIMATELY 

INDICATES THE CENTER LINE OF THE WELD SAMPLES. THE 

POINTS THAT ARE LABELED WITH VALUES ARE 

APPROXIMATELY ON THE UNAFFECTED BASE METALS, THE 

BEGINNING OF COARSE GRAIN HEAT AFFECTED ZONES, WELD 

METAL ADJACENT TO THE FUSION BOUNDARIES AND THE 

CENTERLINE OF THE WELDS. 

BEND PROPERTIES 
Transverse root and face bending tests were carried out on 

the specimens using a mandrel with a diameter of 65 mm. The 

results are summarized in Table 3.  

TABLE 3. TRANSVERSE FACE BENDING (TFB) AND TRANSVERSE 

ROOT BENDING (TRB). THE RESULTS ARE IN DEGREE ANGLE. 

Specimen TFB TRB 

WS 7.1 180 ̊ 67 ̊  

WS 8 180 ̊ 64 ̊  

WS 9 180 ̊ 37 ̊  

As can be seen from the results, all weld samples presented 

excellent ductile properties and passed the face bending test. 

However, all the specimens failed at the root side. It should be 

noted that the accumulation of strain mainly took place at the 

narrow soft fusion zone and proceeded by plastic deformation 

beyond the endurance of the weld metal and consequent 

fracture. A lower strain capacity can be expected on the root 

side as it has a narrower weld cross-section compared with the 

face side. The narrower fusion zone resulting from the lower 

heat input can also explain the decrease in ductility and failure 

angle of WS 9. 

TENSILE BEHAVIOR 
The yield and ultimate tensile strength of the samples are 

presented and compared with those of the parent metals in Table 

4. The diagram shown in Fig. 11 gives a comparison of the 

average strength values. All specimens failed at the weld. This 

may be a consequence of stress concentration at this soft region 
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leading to a strain outside the range of the weld endurance and 

subsequent fracture. As can be seen in Fig. 11, increase in 

strength shows a direct correlation with decrease in heat input. 

It can be seen from Fig. 9 and 10 that lower heat input generally 

increased the hardness throughout the fusion zone and HAZ, by 

altering either the microstructural phases or the texture of the 

HAZ and weld metal. A slight increase in the hardness could 

more effectively constrain plastic deformation, thus increasing 

the strength. 

TABLE 4. YIELD STRENGTH AND ULTIMATE TENSILE 

STRENGTH. TEST RESULTS OBTAINED FROM TWO REPLICATES 

(TEST 1 AND TEST 2) FOR EACH WELD SAMPLE. THE AVERAGE 

(AVE.) QUANTITIES ARE CALCULATED FROM TEST 1 AND TEST 

2. (*) INDICATES VALUES FOR THE BASE METALS TAKEN FROM 

THE SUPPLIER’S CERTIFICATE.  
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The results show that the yield strength of the specimens 

declined compared with that of the S 960 base metal, with a 

drop of 36 % in WS 7.1 and 33 % in WS 9. However, the yield 

values still remained 1.5 % - 6.5 % higher than that of the S 

32205 parent metal. In comparison, the ultimate strength of the 

specimens was 35% - 36% lower than that of S 960 and 13 % - 

17% lower than S 32205.  

It can be seen from Fig. 11 that the variation in elongation 

of the specimens was insignificant and did not have a coherent 

relation to the heat input. As mentioned above, the strain and 

the plastic deformation was mainly concentrated at the weld, 

which constitutes the softest region. Therefore, the elongation 

results may mainly represent the fracture strain of the weld 

metal.  

 

FIGURE 11. COMPARISON BETWEEN THE WELD SPECIMENS 

AND THE PARENT METALS IN TERMS OF AVERAGE YIELD AND 

ULTIMATE STRENGTH AS WELL AS ELONGATION (%).  

IMPACT TOUGHNESS 
Table 5 presents a summary of absorbed energy values from the 

Charpy V-notch impact test. The impact energies of the weld 

metal and HAZ were obtained from three sets of tests that were 

performed separately on the specimens with a notch either on 

the weld center or at 1 mm distance from the center toward the 

S 960 side, respectively. Average impact toughness values are 

also listed in the table. 

TABLE 5. IMPACT TEST RESULTS OBTAINED WHEN APPLYING 

150 J IMPACT ENERGY AT -40 °C. THREE SETS OF EXPERIMENTS 

WERE PERFORMED SEPARATELY ON THE WELD SPECIMENS 

WITH A V-NOTCH EITHER ON THE WELD CENTER OR WITH 1 

MM OFFSET TOWARD HAZ OF THE S 960 SIDE. (*) INDICATES 

VALUES TAKEN FROM THE SUPPLIER’S CERTIFICATE.  

Specimen 

Weld metal (J.cm-2) HAZ of S 960 (J.cm-2) 

Test 

1 

Test 

2 

Test 

3 

Ave. Test 

1 

Test 

2 
Test 3 

Ave. 

WS 7.1 71 31 50 50.67 43 23 48 38 

WS 8 56 45 54 51.67 35 70 61 55.33 

WS 9 44 41 46 43.67 43 59 44 48.67 

S 960  60* 60* 57* 59* – – – – 

S 32205 40* 60* – 50* – – – – 

 Fig. 12 presents a comparison between the median 

absorbed impact energy of the specimens and the impact 

toughness of the parent metals. As can be seen from the figure, 

all the weld samples passed the minimum requirement of 27 J 

for the weld. However, the magnitudes were 14 % to 26 % 

lower than the absorbed energy of the S 960 base metal. 

 The results show outstanding impact toughness for WS 8, 

whereas WS 9 showed the highest brittleness. The impact 

toughness of the welds roughly matches the duplex base metal, 

except for WS 9, where the toughness was about 12 % lower 

than that of S 32205.  

The HAZ of WS 7.1 showed highest embrittlement with an 

absorbed energy about 35.5 % less than that of the S 960 base 
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metal. However, the toughness was still well above the 

minimum requirement. In contrast, the impact toughness of WS 

8 was 55.33 J, only about 6 % lower than that of S 960 but 

about 10 % higher than that of S 32205. For the HAZ of WS 9, 

the absorbed energy was roughly between that of WS 7.1 and 

WS 8 and about 17 % lower than that of S 960. The higher 

amount of hard martensite could be the principal cause of the 

brittleness in WS 9. 

The superior impact toughness of WS 8 implies that the 

moderate heat input had a beneficial effect on the 

microstructure. The improved toughness of the HAZ may be a 

result of more balanced martensitic-bainitic phases in the HAZ 

as well as less intense grain coarsening compared with WS 7.1. 

 

FIGURE 12. AVERAGE IMPACT STRENGTH AT THE WELD AND IN 

THE HAZ OF S 960. THE RESULTS WERE OBTAINED BY 

APPLYING 150 J IMPACT ENERGY AT -40 °C AND COMPARED 

WITH THE IMPACT STRENGTH OF THE BASE METALS AT THE 

SAME TEMPERATURE. THE V-NOTCH WAS ON THE WELD 

CENTER AND AT A DISTANCE OF 1 MM FROM THE WELD 

METAL TOWARD THE S 960 SIDE FOR WELD METAL AND HAZ, 

RESPECTIVELY.  

FATIGUE BEHAVIOR 
A servo hydraulic testing machine capable of 100 kN was 

used to perform the fatigue tests. The geometry of welded 

specimens used for fatigue testing can vary considerably, 

depending on the capability of the testing machine. However, 

for a satisfactory result, a transverse section of butt weld with a 

width of 70-75 mm is recommended [27]. The reason for 

having a wide weld section is that it represents a larger volume 

of the weld sample and, correspondingly, provides a higher 

probability of sampling regions containing a flaw (unintentional 

weld defect) [27]. In addition, butt welds in real structures are 

usually fairly wide. In this study, the fatigue strength of butt 

welds of dissimilar joints was assessed by conducting the cyclic 

tests on nine specimens with a geometry shown in Fig. 13. 

 

FIGURE 13. SCHEMATIC OF THE SPECIMENS PREPARED FOR 

THE FATIGUE TESTS. 

Determined attempts were made to eliminate any possible 

misalignment in the samples during the welding and testing. For 

the class of weld used, full penetration is required (unless 

otherwise stated) and the misalignment should be less than 10 

percent of the plate thickness, according to the standard [28]. 

These requirements were met for this study. Neither pre-

treatments, such as preheating and edge-preparation, nor post-

treatments, such as, stress relieving and reinforcement 

machining, were done, and all the tests were performed on 

specimens in as-weld condition.  

Tests were conducted in three different stress ranges for 

each power class. The stress ratio for two repetitions (Test 1 and 

Test 2) was kept at R= 0.1 in order to compare the results with a 

standard design curve. All tests were performed at room 

temperature and frequency of 8 Hz. The results are illustrated in 

Fig 13. 

 

FIGURE 14. COMPARISON OF FATIGUE TEST RESULTS FOR 

DIFFERENT POWER CLASSES. FATIGUE RESISTANCE S–N 

CURVES (PF = 2.3 %) BASED ON IIW RECOMMENDATION [28] AND 

VALUES FROM STUDY OF THE BASE MATERIALS [29] ARE 

INCLUDED. 

It should be noted that Fig. 14 presents a log-log plot of the 

data. The standard design curve is based on the equation (1) for 

the FAT class 80 corresponding to the type of welded joint 

tested [30]:  
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      (1)  

In this equation, N and Δσ stand for the number of cycles 

and stress range, respectively. The values of the slope, m, and 

the design value of the fatigue capacity, C, are considered as 3 

and 1.024×1012, respectively [28]. At each power class, 

specimen 3 was tested at R= 0.5 in order to simulate the high 

residual stresses occurring in real structures. It is noteworthy 

that the endurable or permissible nominal stress amplitudes 

could be substantially reduced by high tensile residual stresses 

caused by welding in large structural members in contrast with 

small test specimens [30]. These permissible stresses are 

independent of mean stress (R ratio) in standard recommended 

curves. Therefore, fatigue testing to determine permissible 

stress amplitudes in welded joints should generally be 

performed with high R-values (R = 0.5) to reflect appropriately 

the detrimental effect of high residual stresses in large structures 

when using laboratory test specimens. Another recommendation 

is to conduct the test at low stress ratio (R= 0) and lower the 

fatigue limit at 2 million cycles by 20 % [28]. This modification 

makes the slope of the curve steeper. 

It can be seen from the results (Fig. 14) that specimens 

tested at higher stress ratios to simulate conditions in real 

structures are the closest ones to the recommended curve for 

this weld class (FAT 80). It can be concluded that FAT class 80 

works well for all power classes of dissimilar joints in this 

study, although it is slightly conservative for specimens tested at 

low stress ratios. It is recommended [28] that the upper band 

should be limited by the S-N curve of the parent material, if 

properly verified test data is available. Otherwise, FAT class 

160 for steels is recommended [28]. This line has been added to 

Fig. 14 to check the scatter of the results. All specimens tested 

at high stress ratios are located between the limits, with the 

upper limit being slightly conservative for tests at low stress 

ratios. 

To add the upper limits as the S-N curve of the base 

materials, the results of study on the same materials by Laitinen 

et al. [29], cut with different thermal and mechanical methods, 

are used. Laitinen et al. suggested FAT 280 for 960 QC and FAT 

225 for material with yield strength between 600-700 MPa. 

Although it can be clearly seen from Fig. 14 that all the test 

results are covered by the curve for the weaker parent material 

(S 32205), using the upper bands based on the S-N curves of 

the parent materials cannot be considered as a safe criterion and 

the IIW recommendation of using FAT class 160 for the upper 

boundary is more conservative in real structures. 

From the results, no clear correlation between the fatigue 

strength and heat input variations can be derived. This finding 

can be explained by the fact that the specimens were tested in 

as-welded condition without reinforcement removal, and as a 

consequence, geometrical effects could have a dominant 

influence on the fatigue results. It can be conjectured that the 

effect of heat input in dissimilar welds of such combinations 

should not be used as a prime determinant factor in the fatigue 

life where the joints are expected to be used in as-welded 

condition and with no subsequent heat treatment. Conversely, 

geometrical effects can be taken as the major cause of failure in 

the specimens. 

DISCUSSION 
The objective of the current work was to study the 

influence of heat input on dissimilar welds between S 960 

ultrahigh strength steel and S 32205 duplex stainless steel. To 

this end, butt welds were made between the base metals using 

an austenitic filler wire and applying three different heat inputs. 

The mechanical properties (i.e. hardness, strength, bend and 

impact toughness) as well as fatigue performance of the 

weldments were characterized in relation to the microstructural 

transitions in the HAZs, fusion boundary and fusion zone. 

It was found that the hardness almost constantly increased 

as the heat input decreased for all the specimens, as seen from 

Fig. 9 and Fig. 10. However, the heat input had very different 

effects on the structure of the base and the weld metals. In the 

HAZ of S 960, nearly complete austenitization occurred as the 

temperature passed the upper-critical temperature (AC2) close 

to the fusion boundary. Subsequent phase transition was to 

some extent affected by the cooling rate. At the most rapid 

cooling rate, martensite laths were prevalent in the 

microstructure. In contrast, transition to ductile bainite with 

predominantly lower bainite morphology was enhanced by 

increase in the heat input. 

Some exceptionally high values in the hardness profile, in 

the range of 320 HV5 to 340 HV5, may be associated with thin 

laths of martensite with high dislocation density. Hardness 

values in the range of 260-300 HV5 can reflect the hardness of 

twisted laths of lower bainite with a high dislocation density 

[31]. However, both bainite and martensite can have lower 

hardness magnitudes with intensified grain coarsening, leading 

to lower dislocation density. The detrimental effect of coarse 

grain on hardness is clearly reflected in the hardness profile, 

which shows a steep drop to a range from 180 HV5 to 220 HV5 

as it approaches the fusion line. The intense grain coarsening 

can explain the severe degradation of hardness on the HAZ of 

WS 7.1 welded with the highest heat input.  

It is known that austenitic weld metal is not hardenable. 

However, the ascertained hardness values were slightly higher 

for welds made with higher cooling rates (i.e. WS 8 and WS 9). 

Different sources in the literature have identified hardness 

increase in the austenitic fusion zone [13,32]. Possible causes of 

this hardness increase include precipitation hardening effects, 

residual stresses, the texture of the weld, and microstructure 

refinement due to rapid solidification of the weld pool [32]. The 

influence of weld heat input on the weld texture is clearly seen 

in Fig. 2 (d)-(f). It appears that the columnar and dendritic grain 

growth in the austenitic weld metal to some extent increased the 

hardness indexes of WS 8 and WS 9.  

Inconsistency in the chemical composition of the weld 

could be another significant source of variation in hardness. It 

should be noted that formation of macrosegregation as filler-
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depleted and filler-enriched zones is quite probable due to the 

pronounced mismatch in the chemicophysical characteristics of 

the filler and base metals [8,14,18,33]. Segregation of Ni, Cr, 

and Mo are especially important in the mechanical properties of 

austenitic weld metals. It is well established that a higher 

concentration of Ni can improve ductility and strength, whereas 

a higher Cr and Mo content will promote hardness [26,34,35].  

 Despite the grain coarsening on the duplex side, the 

hardness indexes of the coarse HAZ were comparatively higher 

closer to the fusion boundary. The microstructure of this region 

was composed of large ferrite domains embedding a small 

portion of newly formed or retained austenite, as seen from the 

micrographs in Fig. 3 (g)-(i) and Fig. 6. The increase in 

hardness can indicate a higher proportion of ferrite to austenite 

phases in the coarse HAZ [13]. Higher cooling rates further 

restrict the austenitic growth. Thus, a higher ferrite portion and 

a harder structure can be expected for the coarse HAZ of WS 8 

and WS 9 in comparison with WS 7.1, which is in agreement 

with the hardness profile. 

The higher hardness of ferrite compared with austenite can 

be attributed to a higher amount of Cr and Mo, i.e. ferrite 

stabilizing elements, portioned into the ferritic domains 

concomitant with the formation of ferrite [24,26]. Nonetheless, 

the short thermal cycle experienced at the HAZ can constrain 

elemental partitioning [36]. As a result, a slight difference 

between the composition of ferrite and newly formed austenite 

phases would only cause a marginal, yet noticeable, effect on 

hardness values. 

The restrictive effect of a harder structure on the strain can 

be clearly seen from the tensile tests. The results indicate that 

increase in strength corresponds with increase in hardness as a 

result of higher cooling rates. Regarding the S 960 HAZ, a 

complex of a higher proportioned fraction of martensite in the 

matrix, reduced extent of grain coarsening and size of the 

intercritical austenite grains, as well as a higher amount of 

retained strain and dislocation density consequent on the higher 

cooling rates could have favored the strength of the WS 8 and 

WS 9 [35,37].  

The strength of the S 32205 HAZ can be regulated by the 

ferritic phase as well as the amount, form and distribution of the 

austenite [36]. This emphasizes the role of heat input in 

ferritization and consequent growth of austenite in the HAZ 

[19,23]. It is hypothesized that strain initially partitions equally 

between the ferrite and austenite phases, but, it soon transfers to 

the ferritic phase as the austenite loses its coherence. 

Consequently, the deformation to the yield point is chiefly 

accommodated by ferrite [38,39]. Therefore, it can be assumed 

that the presence of a higher amount of harder ferrite could have 

contributed to the increase in strength of WS 8 and WS 9.  

It was noted that all samples fractured at the highly ductile 

austenitic weld, which is the softest region of the joint. The 

considerably under-matching hardness of the weld metal could 

affect the overall evaluation of tensile and yield strength. It can 

be postulated that the plastic deformation at the weld initiated at 

the lower stress ranges required for adjacent HAZs to reach to 

their yield point. Therefore, the results may not properly 

describe the tensile and yield behaviors occurring as a result of 

the microstructural alterations in the HAZ on the ferritic and 

duplex sides.  

The concentration of strain on the austenitic weld metal can 

also explain the elongation results showing no apparent relation 

to the amount of heat input and no distinct variations between 

the samples. It can be suggested that the elongation values are 

not truly a measure of the whole structure; they principally 

demonstrate the plastic capacity of the austenitic fusion zone. 

The bend test provided contradictory outcomes for the root 

and face side of the samples. All specimens show similarly 

perfect ductile behavior on the face side and passed the TFB 

test. However, they all failed the TRB test. As was discussed 

above, for proper interpretation of the results, it is critical that 

strain accumulation at the soft fusion zone be taken into 

consideration. Previously, Shi et al. [40] have demonstrated that 

the size of the plastic zone is directly connected to the yield 

strength in three-point bend testing. Thus, it can be assumed 

that the narrower weld at the root side failed due to lower strain 

capacity compared with the wider cross-section at the face side.  

It could also be correct to suggest that the fracture angle at 

the root side decreased as the weld became narrower 

correlatively with the lower heat input. However, the effect of 

geometry on tension distribution, macrosegregation and local 

micro-hardness variations as well as the contribution of the 

neighboring HAZs in the ductile behavior of the joint cannot be 

entirely disregarded. It should be noted that a longitudinal 

bending test is recommended for dissimilar welds with 

considerable mismatches in mechanical properties. However, in 

this study this test was not performed due to insufficient 

material to prepare the specimens. Therefore, additional tests 

are required to enable more accurate conclusions to be made 

regarding the bend behavior of the welded joint.  

The impact test results show inconsistent toughness 

properties for the fusion zone and the HAZ on the S 960 side. 

As expected, the austenitic weld metal exhibited favorable 

ductile properties and the absorbed energies at -40 °C matched 

the duplex side and were quite close to those of the S 960 side, 

with the exception of WS 9.  

It has been shown that variations in the toughness of 

austenitic weld metal can be related to the solidification mode 

and grain growth pattern [14]. As was noted in the 

microstructural observations, the solidification mode was 

primary-austenite in all weld samples. Hence, the toughness 

variation could be partly a result of weld texture and/or 

compositional inhomogeneity. In addition, a reduction in impact 

toughness can be expected when the strain is concentrated on 

the narrow soft weld metal [5]. Therefore, the lower absorbed 

energy of WS 9 could to some extent be explained on the 

grounds of the narrower weld profile of WS 9 in comparison 

with the other samples. Moreover, the impact toughness 

degradation could be induced by the macrosegregation in the 

weld that appeared in connection with lower heat inputs.  
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The HAZ of WS 7.1 showed the lowest impact toughness, 

which was consistent in the three sets of tests performed. The 

low impact toughness could be considered as unexpected for the 

predominantly bainitic structure of the WS 7.1 HAZ. However, 

the result provides a credible indication of the grain coarsening 

effect. As was mentioned earlier, higher heat inputs extend and 

enlarge the coarse grains, which can severely degrade the 

toughness, since the prior-austenite grain boundaries have an 

inhibitive effect on crack propagation. The detrimental effect of 

large intercritical austenite grains on crack propagation 

resistance and the consequent impact toughness has been 

reported in several studies [3,37,41]. Guo et al. [3] have stated 

that the pernicious effects of coarse grains are so significant that 

they outweigh any advantages that could be obtained from the 

reduction in hardness and the soft structure. 

 The benefit of having a finer grain structure can be 

observed also from the impact toughness of the WS 9 HAZ in 

comparison with that of the WS 7.1 HAZ. It is known that the 

impact toughness value of hard martensite is significantly less 

than that of the bainitic phase [37,42]. In addition, the growth of 

strong martensite can induce plastic deformation in the 

surrounding grains and increase the dislocation density, which 

tends to degrade toughness [37]. However, Tomita et al. [43] 

have shown that the strength and toughness of martensite and 

bainite can vary significantly depending on the prior-austenite 

grain size. That being the case, a more moderate grain 

coarsening in WS 9 could have favored its superior toughness 

compared with the WS 7.1, despite having a higher amount of 

hard martensite. Moreover, the martensitic phase may be 

partially autotempered due to the special composition of the S 

960, which would improve the toughness in spite of the 

increased hardness [37]. 

 The absorbed impact energy of WS 8 was comparable to 

that of the S 960 parent metal. This result suggests that a 

microstructure comprising a mixture of bainite and martensite 

would appreciably improve ductility and toughness of the HAZ, 

in agreement with the work presented in [44] and [45]. Based 

on the current experiment, a regulated cooling time to prevent 

the occurrence of coarse grain as well as to create a balance 

between the martensite and bainite morphologies can be 

recommended for optimum impact toughness properties without 

significant deterioration in strength and hardness. 

 The fatigue test demonstrated that the fatigue strength of 

the samples is covered by the S-N curve of the weaker base 

metal, which in this case is S 32205. In addition, the results of 

all specimens tested at high stress ratios are located above the 

recommended lower limit (FAT 80). However, at lower stress 

ratios, the recommended upper limit (FAT 160) seems to be 

relatively conservative and all the specimens were marginally 

placed above the curve. 

A notable characteristic of the current test is that the 

dissimilar weld interface is characterized by considerable 

mechanical heterogeneity, which may substantially affect the 

fracture resistance and crack growth paths in different locations 

of the interface. It has been determined that local stress and 

strain distributions ahead of cracks and crack growth paths are 

significantly governed by local mismatches in strength and 

hardness as well as by fracture intrinsic toughness around crack 

tips [46]. It has also been shown that strength mismatches in the 

weld interface generally divert the crack propagation toward the 

lower strength intrinsic toughness region [46,47]. However, 

mechanical mismatches are primarily significant in low-cycle 

fatigue strength, and they can thus be discounted in the high-

cycle fatigue region in the current study [48]. 

As is shown in Fig. 14, the fatigue performance did not 

show a clear trend in correlation with the heat input variation. 

However, the fracture location may to some extent be affected 

by the microstructure resultant from the heat input. It was 

noticed that in the case of WS 7.1 and WS 8, all weld samples 

failed at the weld toe on the S 960 side, while for WS 9, only 

one sample failed on the S 960 side and the other samples 

fractured at the toe on the DSS side. This failure pattern could 

be the result of geometrical effects combined with the 

microstructural features of the fusion boundary. The fatigue life 

of a welded joint is determined by the crack initiation followed 

by crack propagation. The presence of weld reinforcement can 

act as a stress raiser and concentrate the stress at the weld toe, 

which triggers the crack initiation at the point of stress 

concentration [6].  

It is known that in the welded joints, crack initiation time is 

short, due to inherent flaws such as micro-voids. The 

propagation of cracks, which is the result of coalescence of 

micro-voids and the growth of micro- and meso- cracks, is 

affected by the ductile properties around the crack tips. It 

appears that the fracture resistance of the coarse austenitic-

ferritic structure of the DSS side of the interface was superior to 

that of the predominantly coarse martensitic-bainitic structure at 

the ferritic side in the majority of the samples. The presence of 

a hard martensitic band as well as dendritic and columnar 

growth of austenite at the ferritic side of the weld interface 

could to some extent have enhanced the crack propagation in 

this region. Earlier, Shang et al. [49] have demonstrated that the 

fatigue crack path and propagation rate in a weld between 

austenitic stainless steel and ferritic steel is highly influenced by 

the microstructural properties, including columnar grain growth 

of austenite in the weld region, a martensitic layer at the 

interface, and coarse martensite in the HAZ [49]. They 

emphasized the significance of columnar grain growth in the 

crack propagation transgranularly parallel to the dendrite 

structure.  

The microstructural observations in this study showed that 

with the lowest heat input, the integrity of the WS 9 weld on the 

duplex side was clearly affected by macrosegregation in the 

form of a partially mixed and unmixed zone at the DSS side. 

The impaired integrity could have affected the fracture strength 

and intrinsic ductile properties of the weld interface with the 

DSS base metal. Nevertheless, the occurrence of 

macrosegregation might not be consistent throughout the weld, 

which could account for the inconsistent failure pattern in WS 9.  
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As the tests were performed on as-welded samples without 

removal of the reinforcement, it can be suggested that the 

geometrical effects were greater than the effect of heat input and 

the consequent microstructure. Based on the findings in this 

study, it could be assumed that in practical applications of such 

dissimilar welds, the heat input would only have a marginal 

impact on the fatigue performance compared to the geometrical 

effects. Nevertheless, supplementary tests on specimens with 

removed reinforcements are necessary to remove uncertainty 

regarding the effect of heat input and microstructural 

characteristics on fatigue performance.  

CONCLUSIONS 
In the current study, dissimilar GMAW welds of Optim 960 

QC (S 960) direct-quenched ultrahigh strength steel and UNS 

S32205 (S 32205) duplex stainless steel were made using a 

fully austenitic filler wire and applying three different welding 

speeds. The effect of different heat inputs on the microstructural 

and mechanical characteristics and fatigue behavior of the 

welds was studied. The following observations and conclusions 

were drawn: 

When studying the HAZs, severe grain coarsening was 

noticed on both the ferritic and duplex sides. Higher heat input 

enhanced bainitic transformation on the ferritic side, and more 

martensite was observed with higher cooling rates (WS 8 and 

WS 9). On the duplex side, macrosegregation appeared with 

higher cooling rates on the fusion boundary in the form of 

partially mixed and/or unmixed zones (PMZ/UMZ) with a 

different solidification mode than the bulk weld metal. 

In the bulk weld metal, more granular and equiaxed 

austenite formed with the higher heat input (WS 7.1), while 

dendritic and columnar austenitic growth was noticed with the 

higher cooling rates (WS 8 and WS 9). 

Coarse grain formation and reduced dislocation density in 

the HAZ of S 960 caused a substantial reduction in the hardness 

close to the fusion boundary. 

With lower heat input, more martensitic transformation and 

limited austenitic transition increased the hardness in the HAZ 

of S 960 and S 32205, respectively. 

Improvement in tensile and yield strength showed a direct 

correlation with the harder structure of the weldments. 

Accordingly, the highest tensile and yield strength were 

recorded for WS 9. 

The bend test results were affected by the thickness of the 

soft austenitic weld metal. Accumulation of the strain in the 

narrow soft weld in root bending caused fracture in all 

specimens, despite showing excellent ductile behavior on the 

face side. 

The impact toughness of the specimens was well above the 

minimum 27 J requirement, both in the weld and in the S 960 

HAZ.  

In the ferritic HAZ, superior impact toughness, comparable 

to that of the S 960 parent metal, was achieved with a moderate 

heat input (WS 8). This finding may indicate the beneficial 

effect of a balanced bainitic-martensitic structure on the 

toughness properties. 

The fatigue test results indicate that the fatigue life of the 

specimens was principally influenced by geometrical effects 

rather than variations in the microstructure consequent on the 

amount of heat input. The location of the fracture could be 

affected by the microstructure of the fusion boundary and 

macrosegregation in this region. 
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