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Abstract— In order to better understanding the effect of nitrogen content in shielding gases and different 

cooling rates on the volume fraction of δ ferrite in welded deposits through GTAW, the microstructures of 

four welded joints of austenitic stainless steel, were studied. The deposits were produced using the same 

welding electrode ER 316L2.4 mm and welding parameters, but different shielding gases from pure argon 

to mixture with N2, and different cooling rates. One pair of the welding deposits was produced with 100% 

Ar and the other one with 98% Ar+2% N2. The weld pads produced with the same shielding gas were 

submitted to different cooling rates, being cooled in air and water. The chemical compositions and the 

variation of the volume fractions of δ ferrite in the deposits were measured. It was observed pickup of 

nitrogen and, consequently, decreasing of the volume fraction of δ ferrite in the all weld metals produced 

with 98% Ar+2% N2as the shielding gas. The weld pads cooled in water presented less δ ferrite when 

compared to those produced using the same shielding gas but cooled in air. The results confirm that 

nitrogen is a strong austenite stabilizer and that higher cooling rates reduce the δ ferrite volume fraction in 

austenitic stainless steels. Complementary techniques of microstructural analysis were used, such as 

optical emission spectrometry, optical microscopy and quantitative image analysis. 
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I. INTRODUCTION 

In welding of high alloy steels, the δ ferrite content is 

normally estimated from the constitution diagrams such as 

the Schaeffler[1], DeLong [2] and Kotechi[3]. 

In these diagrams, the δ ferrite contents of various welds 

had been measured experimentally by either metallography 

(Schaeffler) or magnetic methods (DeLong and WRC–

92).[4] 

Table 1 shows the expressions of chromium and nickel 

equivalents proposed by Schaeffler [1], DeLong [2] and 

Kotechi[3]. 

 

 

Table 1 -Creq and Nieq formulae used for estimating the 

delta-ferrite content from constitution diagrams[4-7] 

Constitution Diagram 

Schaeffler Diagram 

(1949) Creq = Cr + Mo + 1.5xSi + 0.5xNb 

  Nieq = Ni + 30xC + 0.5xMn 

DeLong Diagram 

(1973) Creq = Cr + Mo + 1.5xSi + 0.5xNb 

  Nieq = Ni + 30xC + 30xN + 0.5xMn 

WRC-92 Diagram 

(1992) Creq = Cr + Mo + 0.7xNb 

  Nieq = Ni + 35xC + 20xN + 0.25xCu 

https://dx.doi.org/10.22161/ijaers.711.34
http://www.ijaers.com/
https://creativecommons.org/licenses/by/4.0/


International Journal of Advanced Engineering Research and Science (IJAERS)                               [Vol-7, Issue-11, Nov- 2020] 

https://dx.doi.org/10.22161/ijaers.711.34                                                                                ISSN: 2349-6495(P) | 2456-1908(O) 

www.ijaers.com                                                                                                                                                                            Page | 271  

Most of the compositions of commercial stainless steels, 

are in the iron-rich side of the ternary Fe-Cr-Ni 

equilibrium diagram, between 50 and 70% of iron in 

weight. The initial solidifying phase is determined by the 

position of the alloy with respect to the liquidus surface, 

which under equilibrium conditions proceeds toward the 

eutectic and peritectic transformations, before 

solidification is complete. Figure 1 shows the pseudo-

binary equilibrium diagram on the vertical section of Fe–

Cr–Ni equilibrium diagram at a constant Fe content of 

70% in weight. It is commonly used to identify the 

primary solidifying phases or solidification modes for 

various compositions of different stainless steels. [4-17] 

 

Fig.1: Pseudo-binary section of the Fe–Cr–Niternary 

diagram at 70% Fe, showing solidification modes; A - 

fully austenitic, AF - austenitic–ferritic, FA - ferritic–

austenitic and F - fully ferritic.[8, 15] 

 

According to Suutala's work[18-22], the Creq/Nieq ratio is 

fundamental in determining the solidification mode of 

austenitic stainless steels. 

Considering the cooling rates ranges applicable in welding, 

when the Creq/Nieq ratio < 1.5, the solidification may be 

austenitic (mode I) or austenitic-ferritic (mode II). When 

the ratio 1.5 <Creq/Nieq< 2.0 the solidification will be 

ferritic-austenitic (mode III). And finally, when Creq/Nieq 

ratio > 2.0 the solidification will be ferritic (mode IV). [5-

14, 18-22] 

The cooling rate is of fundamental importance for the 

microstructure resulting from the solidification of 

austenitic stainless steels. 

Figure 2 shows the changes in the Schaeffler diagram 

proposed by Johnson, Grabaek, Johansen, Sarholt 

Kristensen and Wood [23], that shows an increase in the 

austenitic field for ultra-high cooling rates. 

 

Fig.2: Modified Schaeffler diagrams for cooling rates of 

around 106 K/s.[5, 23] 

 

O. Hammar and U. Svensson[24] showed that the addition 

of carbon and nitrogen decreases the volumetric fraction of 

ferrite in austenitic stainless steels.Taking as an example 

the austenitic stainless steel of type AISI 316, which 

usually solidifies through a ferritic-austenitic solidification 

mode. With the increasing of carbon and nitrogen contents 

as alloying elements, the solidification mode changes to 

austenitic-ferritic. There is, therefore, acarbon equivalent 

value that can change how this steel solidifies.  

Ceq =% C + 0.65% N    (Equation 1) 

Figure 3 shows the change in the solidification mode of 

stainless steel of type AISI 316 as a function of carbon 

equivalent. 

 

Fig.3: Change in the solidification mode of stainless steel 

of type AISI 316 as a function ofCeq. [5,6,24] 
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II. EXPERIMENTAL 

Four welded joints of austenitic stainless steel produced 

using GTAW process with different shielding gases and 

different cooling rates were studied. The deposits were 

produced using the same welding electrode ER 316L 2.4 

mm according to AWS 5.9 from the same heat. One pair of 

the welding deposits was produced with 100% Ar, and the 

other one with 98% Ar+2% N2 as shielding gases. The 

weld pads produced with the same shielding gas were 

submitted to different cooling rates, being one cooled 

to100 ᵒC in air and other one in water just after each 

welding bead. The GTAW welding machine was adjusted 

to allow a stable welding. All the weld pads were produced 

with the same travel speeds to have similar heat inputs for 

all the four samples. In order to minimize the effect of base 

metal chemical composition, 6 layers of 5 beads each were 

deposited. Overlapping passes were used, depositing 

approximately 25 mm on the base metal that was an AISI 

304L type stainless steel. The weld pads were cut in 

longitudinal and transversal directions. Chemical analyzes 

were carried out in all samples at 20 mm from the base 

metal, by means of an optical emission spectrometer, 

according to ASTM E 1086-08. [25] 

Transversal and longitudinal samples were embedded in 

hot-cure resin (bakelite). The conventional manual 

polishing was applied using water sandpapers (100, 240, 

320, 400, 600 and 1000 mesh) in order to standardize the 

surface finish of the samples. A cloth polishing with 9, 3 

and 1 μm diamond abrasive paste was carried out in this 

sequence. The samples were electrolytically attacked in 

20% NaOH solution, 6V, for 90 seconds. This allowed the 

microstructural characterization of the samples through 

optical microscopy. The quantitative metallographic 

analysis for the determination of volumetric fractions of  

ferrite and austenite were performed according to ASTM E 

562 ed. 08, [26] using a 4X5 grid (20 points) with a 

magnification of 400X in 30 different regions per test 

piece. 

 

III. RESULTS AND DISCUSSION 

Table 2 presents the welding parameters used to weld the 

samples. It is important to emphasize that the deposits 

were produced using the welding electrode ER 316L 2.4 

mm according to AWS 5.9 from the same heat, and similar 

welding parameters, but different shielding gases and 

different cooling rates. One pair of the welding deposits 

was produced with 100% Ar, and the other one with 98% 

Ar+2% N2asshielding gases.The weld pads produced with 

the same shielding gas were submitted to different cooling 

rates, being one cooled to 100 ᵒC in air and other one in 

water just after each welding bead. 

 

Table 2–Welding parameters. 

Welding wire 

(ER316L 2.4 mm) 
Shielding gas 

Flow 

(l/min) 

Curren

t (A) 

Tension 

(V) 

Travel 

Speed 

(mm/min) 

Heat Input 

(kJ/mm) 

Sample 1 (air) Ar 18 215 19 185 1,32 

Sample 2 (air) 98%Ar + 2%N2 18 210 19 180 1,33 

Sample 3 (water) Ar 18 215 19 190 1,29 

Sample 4 (water) 98%Ar + 2%N2 18 210 19 185 1,29 

Table 3 presents the chemical compositions and the calculations of Ceq, according to O. Hammar and U. Svensson[24], of 

four deposits. 

The calculations of Ceq were done using Equation 1. 

Table 3– Chemical compositions and the calculations of Ceq, 

  C Si Mn P S Cr Ni Mo Cu N Ceq 

ER316L (FM) 0,010 0,40 1,76 0,025 0,011 18,91 12,33 2,55 0,26 0,028 0,028 

Sample 1 

(Ar - air) 
0,008 0,33 1,73 0,025 0,011 18,60 12,20 2,51 0,25 0,042 0,035 

Sample 2 

(Ar+N2 - air) 
0,008 0,36 1,75 0,025 0,011 18,62 12,18 2,53 0,25 0,140 0,099 
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Sample 3 

(Ar - water) 
0,008 0,35 1,72 0,025 0,011 18,63 12,22 2,53 0,25 0,043 0,036 

Sample 4 

(Ar+N2 - water) 
0,008 0,37 1,76 0,025 0,011 18,71 12,17 2,55 0,25 0,140 0,099 

 

The results presented on table 3, show that the welded joints produced through GTAW present the least change in the 

chemical composition when compared to the filler wire, with the exception on the concentration of nitrogen. 

Figure 4 shows the concentrations of nitrogen (% by weight) of the filler metal ER 316L and all weld metals. 

 
 

Fig.4: Concentrations of N (% by weight) of the filler metal ER 316L and all weld metals. 

 

There is some loss of carbon, silicon, manganese, chromium and nickel. It is observed pick up of nitrogen for all the four 

weld pads when compared to the nitrogen content of the filler metal, from 150% when the shielding gas is pure argon, to 

500% in the case of 98% Ar + 2% N2. 

Figure 5 shows the concentrations of C, Si, Mn Cr, Ni and Mo (% by weight) of the filler metal ER 316L and all weld metals. 
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Fig.5: Concentrations of C, Si, Mn, Cr, Ni and Mo (% by weight) of the filler metal ER 316L and all weld metals. 

 

Table 4 presents calculated values ofCreq,Nieq and Creq/Nieq ratio according to the expressions of chromium and nickel 

equivalent staken from Table 1. 

 

Table 4– Creq, Nieq and Creq/Nieq ratio according to the expressions of chromium and nickel equivalents proposed by 

Schaeffler, De Long and Kotechi. 

 

Schaeffler Diagram 

(1949) DeLong Diagram (1973) WRC-92 Diagram (1992) 

 
Creq Nieq Creq/Nieq Creq Nieq Creq/Nieq Creq Nieq Creq/Nieq 

ER316L 

(FM) 

22,0

6 

13,5

1 
1,63 

22,0

6 

14,3

5 
1,54 21,46 13,31 1,61 

Sample 1 

(Ar - air) 

21,6

1 

13,3

1 
1,62 

21,6

1 

14,5

7 
1,48 21,11 13,38 1,58 

Sample 2 

(Ar+N2 - 

air) 

21,6

9 

13,3

0 
1,63 

21,6

9 

17,5

0 
1,24 21,15 15,32 1,38 

Sample 3 

(Ar - water) 

21,6

9 

13,3

2 
1,63 

21,6

9 

14,6

1 
1,48 21,16 13,42 1,58 

Sample 4 

(Ar+N2 - 

water) 

21,8

2 

13,2

9 
1,64 

21,8

2 

17,4

9 
1,25 21,26 15,31 1,39 

 

Figure 6 shows the variations of the Creq and Nieq values (% by weight) of the filler metal ER 316L and all weld metals. 

 

a)     b)  
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c)  

Fig.6: Creq and Nieq values (% by weight) of the filler metal ER 316L and all weld metals, according to the expressions of 

chromium and nickel equivalents proposed by: 

a) Schaeffler, b) DeLongand c) Kotechi. 

 

Figure 7 shows the variations of the Creq/Nieq ratio of the filler metal ER 316L and all weld metals. 

 

a)     b)  

c)  

 

Fig.7: Creq/Nieq ratio of the filler metal ER 316L and all weld metals, according to the expressions of chromium and nickel 

equivalents proposed by:a) Schaeffler, b) DeLongand c) Kotechi. 

 

Table 5 presents the volume fractions of δ ferrite measured through metallographic analysis in 30 different regions per test 

piece. 

 

Table 5– Volume fractions of δ ferrite measured through optical microscopy. 

Volume fraction of δ ferrite Mean  95%CI %RA 

Sample 1(Ar - air)- Transversal 8.5 1.8 11.8 

Sample 1(Ar - air)-Longitudinal 4.6 2.0 8.4 
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Sample 1(Ar - air)- Average 7.7 1.6 9.2 

Sample 2(Ar+N2 - air) - Transversal 1.0 1.4 8.2 

Sample 2(Ar+N2 - air) - Longitudinal 0.3 1.2 7.1 

Sample 2(Ar+N2 - air) - Average 0.5 1.3 7.4 

Sample 3(Ar - water) - Transversal 8.0 1.7 10.2 

Sample 3(Ar - water) - Longitudinal 4.2 1.5 8.1 

Sample 3(Ar - water) - Average 6.8 1.8 8.7 

Sample 4(Ar+N2 - water) - Transversal 0.3 1.5 8.6 

Sample 4(Ar+N2 - water) - Longitudinal 0.1 1.0 8.4 

Sample 4(Ar+N2 - water) - Average 0.2 1.5 9.0 

 

The volumetric fractions of δ ferrite verified in the 

longitudinal direction are smaller than those verified for 

the transversal direction in the four welded specimens. 

As discussed earlier, the results confirm that the nitrogen is 

a strong austenite former. The samples welded through 

GTAW using 98% Ar + 2% N2as shielding gas, sample 2 

and sample 4, presented lower volume fraction of δ ferrite. 

The increasing in cooling rate results in reduction of the 

volume fraction of δ ferrite. 

The sample welded through GTAW using 98% Ar + 2% 

N2as shielding gas and cooled in water, sample 4, 

presented the lower volume fraction of δ ferrite. 

 

IV. CONCLUSIONS 

Nitrogen is a strong austenite former. 

The shielding gas is of paramount importance on the ferrite 

number of the jointswelded through GTAW.The welded 

joints produced using 98% Ar + 2% N2as shielding gas, 

presented lower volume fraction of δ ferrite. 

The variations of Creq and Nieq, and the Creq/Nieq ratio of the 

welded joints suggest that welded joints produced using 

98% Ar + 2% N2as shielding gas, solidified through the 

austenitic-ferritic (mode II). 

The increasing in cooling rate results in reduction of the 

volume fraction of δ ferrite.  
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