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Abstract 

Dual phase duplex stainless steels with ferrite and austenite as part of their 

microstructure have shown an outstanding strength and corrosion resistance despite of the 

aggressive and hostile environments they can be subjected to. In the last years a worldwide 

rapid growth demand and consumption of duplex stainless steel, particularly in 

petrochemical, marine, power plant, food industry and other engineering applications have 

taken place especially where welding processes were required. Joining of duplex alloys is a 

challenging task, due to the formation of embrittling precipitates and metallurgical changes 

they go through during the welding process. Generally, the quality of a weld joint is strongly 

influenced by the welding conditions and imbalance phase ratio between the austenite and 

ferrite, these factors leads to solidification cracking, corrosion susceptibility, and lower 

ductility. To achieve high quality welds mathematical models have been developed in order 

to predict the ideal bead geometry to achieve optimal mechanical properties. This paper 

focuses on determining the percentage of ferrite in GMAW welds of duplex stainless steel 

SAF 2205.   An experimental model for the prediction of weld bead geometry was developed 

and applied. The values of weld penetration and reinforcement areas were calculated using a 

statistical approach and the amount of ferrite in the duplex stainless steel welds were 

determined applying the rule of mixture and the Schaeffler diagram. These predicted values 

of ferrite were later on compared with experimental values obtained through chemical. The 

results indicate 0.7% of error between experimental and predicted values of ferrite when 

using heat inputs higher than 0.9kJ/mm 
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1. Introduction 

 

Duplex stainless steels (DSS) are widely used in many engineering applications such 

as those found in the petrochemical, pulp and paper, and oil and gas industries, since they 

exhibit good mechanical properties and high corrosion resistance. Properties such as high 

tensile strength, high fatigue strength, good toughness even at low temperature, adequate 

formability and weldability and excellent corrosion resistance (e.g. stress corrosion cracking 

and pitting) result from the almost equal amount of ferrite () phase and austenite () phase 

present in this steel. The presences of these two phases combine the attractive properties of 

austenitic and ferritic steels [1-4]. There is an increase used of DSS in the pipe industry 

compared to austenitic stainless steels, particularly where chloride or sulphide stress 

corrosion cracking is of primary concern [5]. However, the solidification of duplex stainless 

steel welds does not always produce near equal amounts of ferritic () and austenitic () 

phases, as occurs in the parent metal; thus deteriorating the mechanical properties and 

corrosion resistance of the weld joint. The microstructures developed in the weld’s fusion 

zone and the heat-affected zone (HAZ) also have a significant influence on the mechanical 

properties and corrosion resistance of duplex stainless steels [3-6]. To guarantee the excellent 

combination of properties in DSS, it is essential to maintain a ferrite-austenite ratio close to 

50:50. This phase balance however changes during the welding process due to the rapid 

cooling process involved in most thermal cycles, resulting in weld ferrite contents with an 

excess of 50%. In order to restore the phase balance, weld filler materials usually alloyed 

with 2-4% more of Ni compared to the base metal are used [7,8]. Hsieh et al. [9] reported that 

the austenite contents lower than 25% are unacceptable for most industrial application, since  

excessive ferrite in the heat-affected zone (HAZ) and weld metal (WM) causes a loss of 

toughness and a decrease in corrosion resistance. Norsok standard recommended that a 

minimum in austenite content of 30% is required to accept the welded pipes [10].  

 

Various researchers reported that controlled heat input is the most important factor in 

order to maintain the phase balance after the welding process of DSS. Other researchers [11-

13] reported that the cooling rate is the parameter that controls the phase balance in 

weldments, and also dictates the heat input range to be used. Giridharan et al. [14] reported 

that heat input has a significant impact on the bead geometry, metallurgical, mechanical and 

corrosion resistance properties of the welds. Similarly, Karunakaran [15] reported that the 

rate of heat input during welding followed by the nature of cooling has a strong influence on 

the grain’s size and phase formation. Recommendations in relation to super-duplex stainless 

steels have also been made, where a moderate heat input should be used (depending on 

material’s thickness and joint’s geometry)  in order to obtain beneficial outcomes such as 

corrosion resistance [16]. From the open literature it is well inferred that a low heat input and 

a fast cooling rate produces the formation of Cr2N precipitation and higher heat inputs lead to 

the formation of X or σ phases which have been reported as deleterious phases affecting the 

mechanical properties of weldments [17, 18]. Hence, the importance of using an optimal heat 

input to control the formation these phases. With regards the arc current Ozlati et.al reported 

that the strength resistance of  welds conducted on duplex stainless steel rod decrease with 

when increasing arc current [19]. Other researchers formulated empirical models that are able 

to predict the approximate weld bead contour of duplex stainless steel welds from established 

ranges of welding parameters [20,21]. 

 

This present work focuses on the influence of heat input on the percentage of ferrite in 

duplex stainless steel welds. The cross-sectional area of weld reinforcement and weld 



penetration were calculated using a developed mathematical model and these values were 

used to predict the percentage of ferrite using the Rule of Mixture and Schaeffler Diagram 

[22]. 

 

2. Experimental Procedure 

 

2.1  Workpiece Characteristics  
Duplex Stainless Steel SAF 2205 was selected as parent material as it is widely used 

in the petrochemical industry. Table 1 shows the chemical composition of SAF 2205 DSS and 

filler metal ER-2209 (electrode) of 1 mm diameter as recommended by ASTM A815 and 

A789 procedures GMA welding process.  

 

Table 1. Chemical composition of the DSS SAF 2205 plate and  

ER 2209 filler metal  

Material %C %Si  %Mn  %P %S  Cr Ni Mo N 

SAF 2205 0.045 0.32 1.41 0.030 0.020 22.32 5.31 3.34 0.08 

ER 2209 0.015 0.54 1.87 0.023 0.006 23.31 9.81 3.77 0.14 

 

2.2 Welding Parameters.  

Single bead-on-plate welds were developed using GMA welding (FANUC 100iB®) 

on DSS under different welding conditions. Equation 1 was used for heat input calculations, 

where recommended values for heat input ranged between 0.5 and 2.5 kJ/mm for stainless 

steel duplex SAF 2205 [2]. The bead-on-plate (BOP) welds were manufactured using the 

conditions shown in Table 2. Figure 1 shows a Schematic drawing of the Bead on Plate 

(BOP) welds and dimensions of the plate. 

𝐻𝐼 (𝐻𝑒𝑎𝑡 𝑖𝑛𝑝𝑢𝑡) =  
𝐴𝑟𝑐 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑥 𝐴𝑟𝑐 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑥 60

𝑊𝑒𝑙𝑑𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑 𝑥 1000
       (1) 

Where 

𝐻𝐼 (kJ/mm), 𝐴𝑟𝑐 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (V), 𝐴𝑟𝑐 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (A), 𝑊𝑒𝑙𝑑𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑 (mm/min). 

 

Fig.1. Schematic drawing of the Bead on Plate (BOP) welds 

As it is known, robots (automatic welding) only allow to set the arc voltage, the wire 

feed transfer (WFT) and the welding speed during the welding process. In order to obtain 

values of arc current, a graph of arc current vs WFT was developed based on data collected 

from the robot. The developed graph and a mathematical expression of arc current as a 

function of WFT is shown in Figure 2. 



 

Fig. 2. Arc current vs WFT for FANUC 100iB 

To study the weld bead cross sectional area geometry, a small sample was cut from 

the weld track 150 mm away from the weld’s starting point (middle of the weld track) where 

welding parameters are stabilized (see Fig 1). Table 2 shows the combination of welding 

variables used and resulted heat input. All samples, 13 in total were metallographic prepared 

following ASTM E3-01 standard and then etched with Kalling # 2 (5g de CuCl2, 100ml 

Ethanol, 100ml HCl and 100 ml H2O).  

 

Table 2. Selected welding parameters 

Sample Arc 

Voltage  

(V) 

WFT 

(in/min) 

Arc 

Current 

(A) 

Welding 

speed 

(mm/min) 

Heat 

Input 

(kJ/mm) 

1 28.00 450.00 212.00 480.00 0.740 

2 28.00 525.00 224.50 480.00 0.790 

3 28.00 450.00 210.50 300.00 1.180 

4 28.00 525.00 230.30 300.00 1.290 

5 28.00 525.00 230.30 300.00 1.900 

6 30.00 350.00 202.00 480.00 0.760 

7 30.00 450.00 230.13 480.00 0.860 

8 30.00 350.00 205.00 300.00 1.230 

9 30.00 450.00 235.00 300.00 1.410 

10 30.00 375.00 207.50 300.00 1.250 

11 30.00 450.00 226.25 300.00 1.360 

12 30.00 350.00 202.00 360.00 1.010 

13 30.00 400.00 218.00 300.00 1.310 

 

The chemical composition of each sample was obtained conducting a spectrographic 

chemical analysis SPECTROLAB 5L and following ASTM A1016 standards. Since chemical 

composition were similar for similar values of heat input, these were re-arranged in 3 groups 

for simplicity purposes These values are reported in Table 3  

  



Table 3. Results of the spectrographic chemical analysis for different heat inputs. 

HI (kJ/mm) %C %Si %Mn %Cr %Mo %Ni %Nb 
0.8 0.0490 0.399 1.7110 21.7900 3.4970 7.0400 0.0059 
1.0 0.0398 0.4411 1.6870 21.8800 3.5630 7.5300 0.0077 
1.4 0.0433 0.4177 1.7250 21.9300 3.4270 7.3000 0.0153 

 

3. TECHNICAL APPROACH 

 

3.1. Estimation of %Ferrite through rule of mixture 

3.1.1. Rule of Mixture (Predicted values) 

The percentage of ferrite content in the weld’s fusion zone generated through a 

GMAW process was obtained using the rule of mixture shown in Equation 2 [24]. 

     FWX
DB

D

BMX
DB

B

weldX %%% 





   (2) 

where: 

weldX%  is element percentage content in the fusion zone. 

BMX%  is element percentage content in the base metal. 

FWX% is element percentage content in the filler metal. 

B is the area of penetration of the weld. 

D is the reinforcement area. 

 

i) Dilution for GMAW Welds 

Weld dilution was determined using metallographic methods by measuring the 

individual cross-sectional areas of the deposited filler metal and melted substrate. The ratio of 

the melted substrate (B) to the total melted cross-sectional area from the filler metal and 

substrate (B+D) describes the level of dilution: 

 

DB

B
Dilution


    (3)                                                                                  

    

Note that the area of the melted substrate (on a transverse cross-section) B represents the 

penetration area of the weld, and D represents the reinforcement area of the weld. 

 

ii) Calculation of experimental weld bead’s cross sectional area geometry 

contour 

In order to predict the %Ferrite using the rule of mixture equation, calculations of the 

experimental weld’s cross sectional area geometry contour is required. For this purpose 

photographs of the samples cut from the welded track were obtained using an optical 

microscope Olympus BX53M. Each image was uploaded in Mathematica 7 ® software for 

processing. 

More than one hundred (100) points were used to develop the contour of the cross 

sectional area geometry of the weld bead. This allowed to produce a representation in 

Cartesian coordinates (X-Y) for each combination of welding parameters (13 samples-Table 

2). Once the cross sectional area geometry contour was completed, the Mathematica 7 ® 



Software allowed for the calculation of the centroid of the generated shape based on the 

geometry developed through the combination of the welding parameters [23].  

 

3.2. Estimation of %Ferrite through Shaeffler’s Diagram (experimental values) 

To estimate the % ferrite thought the Schaeffler’s diagram, it is necessary to calculate 

the nickel and chromium equivalent using Equations 4 and 5 respectively [22]. These values 

of Nieq and Creq were obtained by substituting the values of chemical analysis obtained 

through the spectrographic chemical analysis and reported in Table 3. The results were later 

plotted on the Schaeffler diagram to predict % ferrite as indicated in Figure 3. 

 

 

 

 Nieq=%Ni+30%C+0.5%Mn  (4) 

 

 Creq= %Cr+%Mo+1.5%Si+0.5%Nb (5) 

Fig 3. Shaeffler Diagram [22] 
 

 

4. Results and Discussion 

 

4.1 Prediction of reinforcement area and penetration area of weld bead using the 

Experimental Model for GMAW welds. 

Figure 4a show an example of photographs of the cross sectional geometry of  the weld 

bead on DSS weld and Figure 4b its digital contour representation of the cross sectional 

area’s geometry. The centroid of the developed contour was obtained through electron 

microscope using a JEOL JSM -5800. 

  



 

 

 

a) b) 

Fig.4. Cross sectional area of weld bead when using 224.5A, 28V and 480 mm/min taken 

150 mm away from weld’s starting point. a) Image of cross sectional area and 

b) Digital representation obtained through Mathematica 7. The centroid of the 

developed contour is indicated with red dot 

 

Once the digital contour for each 13 condition was developed, the image was rotated 

and translated to Cartesian axes as shown in Figure 5. 

 

Fig. 5. Rotation and translation the developed contour in Cartesian axes for 

a weld developed using 230.13A, 30V and 480 mm/min 

 

It must be highlighted that X and Y axis represent number of pixels which were later 

transform in a program that was set-up to run on windows, where welding parameters were 

used as input values and the outputs are the cross sectional area’s geometry and contour as 

observed in Figure 6, where values of height of the reinforced area and value of depth of 

penetration as well as the width of the weld are calculated based on numbers of pixels 

obtained in the geometry’s contour.  

 



 

Fig. 6. Example of the contour of the weld bead geometry 

 

4.2 Comparison of % predicted and experimental values of %Ferrite Content of DSS 

Welds 

 

Experimental and predicted values of %Ferrite obtained through Schaeffler diagram 

and rule of mixture respectively are shown in Figure 7 for different values of heat inputs. 

 
Fig.  7. Comparison of predicted and experimental values of %Ferrite vs Heat input 

 
When analysing Figure 7, it is observed how %Ferrite decreases when increasing the 

heat input. The results are very encouraging especially for HI >0.9 kJ/mm where the 

predicted and experimental values are very similar, with an error of 0.7%. For HI< 0.9 kJ/mm 

a maximum error of 10% between predicted and experimental values was obtained when 

using HI values near 0.5 kJ/mm. This result is in agreement with Mohammed et.al who 

reported that low heat input results in high volume of fractions of ferrite [25]. 

 

5. Conclusions: 

 The developed model is capable of predicting geometry of the weld’s 

reinforcement and penetration of DSS welds 

 The developed model showed to provide reliable results when using it for the 

estimation of %Ferrite content through the rule of mixture. 



 The ferrite content in the fusion zone decreased with increasing heat input for 

DSS ROBOTIC GMAW welds for all the methods studied. 

 Welds manufactured using similar heat inputs resulted in similar chemical 

composition content 
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