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Abstract— Sulfur is an element that is intrinsically and sometimes even deliberately present in stainless steel. 

It is usually bonded in the form of manganese sulfides, which at low levels can have a significant influence 

on improving machinability. In this work, solidification cracking in austenitic stainless steels welds was 

investigated. The solidification mode of stainless steels is of fundamental importance and most austenitic 

stainless steels are designed to solidify to give primary ferrite and secondary austenite to minimize the 

occurrence of hot cracks. The primary austenitic solidification mode enables cracks to initiate and propagate 

more easily. This is further enhanced by sulfur segregation. The primary ferritic mode of solidification, 

however, inhibits crack initiation and propagation and promotes backfilling. The ability to backfill the cracks 

also affects the extent of cracking observed in welds. Different filler wires were tested to weld, through GTAW 

welding process, tubes of type 316L UNS S31603 to forged fittings of type ASTM A182 F316 that presented 

sulfur and phosphorous contents, respectively, 0.03% and 0.045% wt. Duplex stainless steel filler metals ER 

2209 and ER 2594, represented a creative solution to avoid hot cracking observed on those samples welded 

using austenitic stainless steel filler metals ER 316L and ER 309L. Several complementary techniques of 

microstructural analysis were used, such as optical emission spectrometry, optical microscopy and scanning 

electron microscopy with coupled EDS 
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I. INTRODUCTION 

The addition of sulfur to ease machinability of stainless 

steels is largely used by steel shops. Sulfur forms 

compounds in the stainless steels that will help to break 

stainless steel chip during machining and form a lubrication 

layer on the top of the cutting tool, reducing friction and 

extending tool life. The use of sulfur expanded throughout 

the stainless industry to give rise to free machining grades 

such as 303, 416 and 420F. 

Certain alloying elements in stainless steels, such as sulfur, 

selenium, lead, copper, aluminum, calcium, or phosphorus 

can be added or adjusted during melting to alter the 

machining characteristics. These alloying elements serve to 

reduce the friction between the workpiece and the tool 

thereby minimizing the tendency of the chip to melt and 

stick to the tool. Also, sulfur forms inclusions that reduce 

the friction forces and transverse ductility of the chips, 

causing them to break off more readily. Figure 1 shows the 

improvement in machinability in the free-machining 

stainless steels namely types 303, 303 Se, 203, 430F, 416, 

and 420F. [1,2] 

https://dx.doi.org/10.22161/ijaers.76.43
http://www.ijaers.com/


International Journal of Advanced Engineering Research and Science (IJAERS)                                  [Vol-7, Issue-6, Jun- 2020] 

https://dx.doi.org/10.22161/ijaers.76.43                                                                                   ISSN: 2349-6495(P) | 2456-1908(O) 

www.ijaers.com                                                                                                                                                                            Page | 346  

 

Fig.1: Comparative machinability of frequently used stainless steels and their free-machining counterparts. % based on 

100% for AISI type 416 free-machining stainless steel [1] 

 

However, there is a dark side to these high sulfur additions. 

Sulfur attacks the good attributes of stainless steels. 

Corrosion is compromised, interferes with welding and can 

become an initiation site for cracking to occur, especially 

when any deformation is performed on the part or when 

there are thin wall sections. The use of sulfur also found its 

way into other common stainless grades like 410, 304/304L 

and 316/316L. The adverse effects of sulfur in these grades 

are not as pronounced on properties as the free machining 

grades. Welding, corrosion resistance and ductility are 

generally not an issue. These small sulfur additions do have 

a substantial effect on the machinability of the stainless 

steels, as a 0.005% in weight increase can improve 

machinability by 30% or more. [1,2] 

The possible solidification modes in the Fe-Cr-Ni system 

are: 

I) Austenitic solidification (L  L+  ):  

The only solid phase to form is austenite. In austenitic 

solidification, called solidification mode I, there is no 

other phase transformation at high temperature. [3-5] 

II) Austenitic-ferritic solidification (L  L+  

L++  +): 

Austenite solidifies as a primary phase in a dendritic 

or cellular way. As the temperature decreases, ferrite 

 is formed from the remaining liquid. Solidification 

occurs through a peritectic reaction (L+). This is 

called solidification mode II. [3-5] 

III) Ferritic-austenitic solidification 

(LL+L+++): 

The duplex stainless steels solidify according to 

ferritic-austenitic solidification 

(LL+L+++).  ferrite solidifies as the 

primary phase in dendritic or cellular fashion. As 

temperature decreases, austenite is formed by a 

peritectic (L+) or eutectic (L+) reaction. In 

the case of a peritectic reaction, the initially formed 

austenite completely surrounds the ferrite and 

subsequently grows into ferrite and liquid. 

Depending on the rate of diffusion through the 

austenite, the reaction may or may not be complete, 

and at the end of the solidification ferrite may be 

involved in austenite. Between the two reactions - 

peritectic and eutectic - the transition takes place 

where, during the initial formation of austenite by 

peritectic reaction, ferritizing elements secrete to the 

liquid, provoking their enrichment in these elements 

and consequently the simultaneous formation of 

ferrite and austenite by means of a eutectic reaction. 

This is called solidification mode III. [3-13] 

IV) Ferritic solidification (LL+): 

The only solid phase to form is ferrite. In ferritic 

solidification, called solidification mode IV, ferrite is 
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the only phase to form during solidification and, 

depending on the chemical composition, austenite 

can precipitate only in the solid state in the ferritic 

grain boundaries. [3-5] 

 

The solidifications of austenitic stainless steels can occur 

according to the first three solidification modes, being 

therefore possible to obtain a “completely austenitic” matrix 

according to the Fe-Cr-Ni equilibrium diagram shown in 

figure 2. 

 

Fig.2: Fe-Cr-Ni ternary phase diagram highlighting the pseudo-binary Cr-Ni diagram for 70% Fe. [6] 

 

Figure 3 presents the Fe-S equilibrium diagram and respective solubility limits of sulfur in the allotropic phases of iron, δ 

ferrite and γ austenite. 

 

Fig.3: Fe-S equilibrium diagram showing solubility limits of sulfur in δ ferrite and γ austenite [14] 

 

It is observed in figure 3 that the solubility limit of sulfur in 

δ ferrite is 0.14 % in weight and in γ austenite is 0.05 % in 

weight. 

Figure 4 presents the Fe-P equilibrium diagram and 

respective solubility limits of phosphorus in the allotropic 

phases of iron, α ferrite and γ austenite. 
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Fig.4: Fe-P equilibrium diagram showing solubility limits of phosphorus in α ferrite and γ austenite [14] 

 

It is observed in figure 4 that the solubility limit of 

phosphorus in α ferrite is 2.80 % in weight and in γ austenite 

is 0.31 % in weight. 

The information taken from both Figures 3 and 4, helps to 

understand why solidification cracking is a significant 

problem during the welding of austenitic stainless steels, 

particularly in solidification modes I, austenitic 

solidification, and II, austenitic-ferritic solidification. Hot 

cracking in stainless steel welds is caused by low-melting 

eutectics containing impurities such as sulfur and 

phosphorus, and alloy elements such as titanium and 

niobium. [15] 

Sulfur is known to be an undesirable impurity in welding of 

stainless steels due to the formation of low-melting sulfide 

films along the interdendritic and grain-boundary regions. 

Sulfur is strongly rejected into the liquid during 

solidification of austenite, rapidly lowering the melting 

point of the interdendritic liquid. Thus, the potential for 

forming low-melting eutectics remains strong even with 

very low contents of sulfur in austenite (< 0·005 wt.%). On 

the other hand, δ-ferrite shows higher solubility for elements 

like sulfur, phosphorus, silicon and niobium. [15] 

Manganese additions are well-known to decrease cracking 

in steels that present high content of sulfur by forming 

higher-melting MnS-γ eutectic in preference to Fe-FeS. 

Further, the addition of lanthanum and other rare earth 

elements has been found highly effective in binding the P 

and S as stable compounds. [15] 

Table 1 presents the most important eutectic reactions 

involving sulfur and phosphorus during the solidification of 

commercial stainless steels. 

 

Table.1: Partition coefficients of elements promoting hot cracking in austenite and ferrite, constitution and melting points of 

possible low-melting phases. [15] 

Constituent Temperature (K) 

Partition 

coefficient Low-melting phases 

δ γ Structure Melting point (K) 

Sulfur 
1638 0.091 0.035 Eutectic Fe–FeS 1261 

      Eutectic Ni–NiS 903 

Phosphorus 
1523 0.23 0.13 Eutectic Fe–Fe3P 1321 

      Eutectic Ni–Ni3P 1148 

 

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 
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with respect to the liquidus surface, which under equilibrium 

conditions proceeds toward the eutectic/peritectic before 

solidification is complete. Figure 5 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. [3, 4, 15] 

 

Fig.5: Pseudo-binary section of the Fe–Cr–Ni ternary 

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

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

and F - fully ferritic. [15] 

 

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). [3] 

Sulfur is known to be an undesirable impurity in welding of 

stainless steels due to the formation of low-melting sulfide 

films along the interdendritic and grain-boundary regions. 

Sulfur is strongly rejected into the liquid during 

solidification of austenite, rapidly lowering the melting 

point of the interdendritic liquid. Thus, the potential for 

forming low-melting eutectics remains strong even with 

very low contents of sulfur in austenite (< 0·005 wt.%). On 

the other hand, δ-ferrite shows higher solubility for elements 

like sulfur, phosphorus, silicon and niobium. [15] 

Manganese additions are well-known to decrease cracking 

in high-S steels by forming higher-melting MnS-γ eutectics 

in preference to FeS. Further, the addition of lanthanum and 

other rare earths has been found highly effective in binding 

the P and S as stable compounds. [15] 

According to studies by Suutala [16-21], the Creq/Nieq ratio 

is fundamental in determining the solidification mode of 

austenitic stainless steels. 

Figure 6 presents the solidification cracking behavior in 

austenitic stainless steels welds as a function of Creq/Nieq 

ratio and P+S levels. 

 

Fig.6: Solidification cracking behavior in austenitic stainless steels welds as a function of Creq/Nieq ratio and P+S levels.[18] 
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It is observed in figure 6 that austenitic stainless steels that 

present P+S wt% below 0.01%, are not susceptible to hot 

cracking. When the Creq/Nieq ratio is below 1.5, if the total 

P+S wt % is higher than 0.01%, the austenitic stainless steels 

welds are very susceptible to hot cracking. If 1.5 < Creq/Nieq 

< 1.75, the austenitic stainless steels welds are slightly 

susceptible to hot cracking. Finally, when the Creq/Nieq ratio 

is higher than 1.75, the austenitic stainless steels welds are 

not susceptible to hot cracking even for total P+S wt % 

higher than 0.20. 

The Suutala Diagram [18], shown on figure 6, considers the 

Creq and Nieq are according to the formulas proposed by 

Hammar and Svensson [23,24]: 

Creq = %Cr+1.37*%Mo+1,50*%Si+2,00*%Nb+3,00*%Ti

  (Equation 1) [3] 

Nieq = %Ni+0.31%Mn+22.00*%C+14.20*%N+1.00*%Cu

  (Equation 2) [3] 

One way of empirically quantifying pitting corrosion 

resistance is through the PREN (Pitting Resistance 

Equivalent Number), PRENN (equation 1) and PRENW 

(equation 2), when dealing with materials having Tungsten 

(W) in their composition. [3] 

PRENN = %Cr + 3,3 x(%Mo) + 16x(%N)   

 (Equation 3) [3] 

PRENW = %Cr + 3,3 x(%Mo + 0,5 %W) + 16x(%N) 

  (Equation 4) [3] 

 

II. EXPERIMENTAL 

Four pairs of tubes of type 316L UNS S31603, and forged 

fittings of type ASTM A182 F316 (weldolets), from the 

same heats, were welded with different welding wires 

through GTAW process but keeping the welding parameters 

as equal as possible. 

The tubes are 2 inches diameter and thickness 2,77 mm 

(SCH 10). 

The welding wires used to produce samples 1, 2, 3 and 4 

were, respectively, ER 316L, ER 309L, ER 2209 and ER 

2594 2.4 mm. 

The shielding gases used were 99.99% Ar to samples 1 & 2, 

98% Ar+2% N2 to samples 3 & 4, and the purge gas used 

was the same 99.99% Ar to all the samples. 

The specimens were removed from the base metal and the 

joints of the tubes using a cut-off. 

Chemical analyzes were carried out in all samples by means 

of an optical emission spectrometer, according to ASTM E 

1086-08. [24] 

Afterwards, the samples were embedded in hot-cure resin 

(bakelite). The conventional manual polishing was applied 

using water slicks (100, 240, 320, 400, 600 and 1000 mesh) 

in order to standardize the surface finish of the samples. 

Afterwards, 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 analyzes for the 

determination of volumetric fractions of  ferrite and 

austenite were performed according to ASTM E 562 ed. 08, 

[25] using a 4 X 5 grid (20 points) with a magnification of 

400 X in 30 different regions per test piece. 

Finally, tensile tests were performed on welded joints to 

evaluate their mechanical properties. The preparation of the 

sub-size specimens to the tensile test was according to 

ASTM E8/E8M-16ae1 [26]. 

 

III. RESULTS AND DISCUSSION 

Table 2 presents the welding parameters used to weld the 

samples. It is important to emphasize that the welding wires 

used to produce samples 1, 2, 3 and 4 were, respectively, ER 

316L, ER 309L, ER 2209 and ER 2594, all 2.4 mm diameter. 

Table 2 – Welding parameters used to weld samples 1, 2, 3 and 4 using the filler metals, respectively, ER 316L, ER 309L, ER 

2209 and ER 2594, all 2.4 mm diameter. 

 Welding Parameters   

  

Tension 

(V) 

Current 

(A) 

Travel    

Speed 

(mm/s) 

Thermal 

Efficiency (%) 

Heat Input 

(kJ/mm) 
Shielding Gas 

Sample 1 11.0 52 0.40 80 1.14 99.99% Ar  

Sample 2 10.0 54 0.40 80 1.08 99.99% Ar  

Sample 3 10.5 53 0.40 80 1.11 98% Ar+2% N2  

Sample 4 10.0 55 0.40 80 1.10 98% Ar+2% N2  
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Table 3 presents the chemical compositions of the tube, 

fitting, filler metals and all weld metals of the four joints. 

According to the chemical compositions obtained from table 

3, table 4 presents the calculations of PREN, Creq, Nieq, 

Creq/Nieq ratio and total P+S wt %. 

The calculation of Creq, Nieq and PREN were done using 

Equations 1, 2 and 3, respectively. 

 

Table 3 - Chemical compositions of the studied stainless steels (% by weight). 

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

Base 

Metals 

UNS S31603 0.030 0.45 1.93 0.019 0.003 16.46 11.96 2.07 0.44 0.06 

F316 0.080 0.72 1.93 0.045 0.03 18.66 13.5 2.5 0.10 0.09 

Filler 

Metals 

ER 316L 0.025 0.63 1.1 0.012 0.008 18.64 12.23 2.53 0.18 0.03 

ER 309L 0.024 0.61 1.72 0.015 0.013 23.57 13.52 0.11 0.16 0.11 

ER 2209 0.022 0.52 1.62 0.01 0.018 23.01 8.89 3.2 0.17 0.15 

ER 2594 0.010 0.48 0.63 0.021 0.015 26.14 9.57 3.92 0.39 0.24 

All 

Weld 

Metals 

Sample 1 0.026 0.59 1.27 0.013 0.007 18.2 12.18 2.44 0.23 0.04 

Sample 2 0.035 0.63 1.76 0.021 0.016 22.59 13.52 0.59 0.15 0.11 

Sample 3 0.023 0.54 1.52 0.01 0.016 22.14 9.56 3.07 0.17 0.13 

Sample 4 0.013 0.51 0.85 0.02 0.015 25.63 10.36 3.16 0.34 0.21 

 

Table 4 - PREN, Creq, Nieq, Creq/Nieq ratio and total P+S (weight %). 

    PREN Creq Nieq Creq/Nieq Total S+P (wt %) 

Base 

Metals 

UNS S31603 24.25 19.97 14.51 1.38 0.022 

F316 28.35 23.17 17.24 1.34 0.075 

Filler 

Metals 

ER 316L 27.47 23.05 13.73 1.68 0.020 

ER 309L 25.69 24.64 16.3 1.51 0.028 

ER 2209 35.97 28.17 12.18 2.31 0.028 

ER 2594 42.92 32.23 13.78 2.34 0.036 

All 

Weld 

Metals 

Sample 1 26.83 22.44 13.88 1.62 0.020 

Sample 2 26.22 24.34 16.49 1.48 0.037 

Sample 3 34.27 27.15 12.49 2.17 0.026 

Sample 4 39.47 30.71 14.29 2.15 0.034 

 

The results shown on tables 3 and 4, confirm that the four 

filler metals chosen to run the tests, presented PRENs higher 

than that of the tube UNS S31603. That resulted in chemical 

compositions of the all weld metals of the samples 1, 2, 3 

and 4 that have PRENs above that of the base metal with 

lower PREN, that in this study is the tube of Type 316L UNS 

S31603. 

The calculation of the Creq/Nieq ratio, and total P+S wt %, 

showed that both base metals presented Creq/Nieq ratios 

below 1.5 and the total P+S wt % higher than 0.01%. The 

same was observed on the all weld metal of sample 2, 

welded using the filler metal ER 309L. This is an indication 

that these austenitic stainless steels are very susceptible to 

hot cracking. 
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Although the four all weld metals from samples 1, 2, 3 and 

4, showed P+S wt % higher than 0.01%, it is interesting to 

verify that sample 1 presented Creq/Nieq ratio equal to 1.62 

indicating that this joint is slightly susceptible to hot 

cracking. In the case of samples 3 and 4, welding using 

duplex and super duplex filler metals, respectively, ER 2209 

and 2594, the Creq/Nieq ratios are higher than 1.75, resulting 

that these dissimilar stainless steels welds, solidify in a 

ferritic-austenitic (mode III) or ferritic (mode IV) fashions. 

It is expected that these joints are not susceptible to hot 

cracking even for total P+S wt % higher than 0.20. 

Table 5 presents the results of the mechanical properties of 

the samples 1, 2, 3 and 4.  

 

Table 5 – Mechanical properties and volumetric fractions of  ferrite. 

  
Yield Strength 

(Mpa) 

Tensile Strength 

(Mpa) 

Elongation 

(%) 

%  

Ferrite 

Base 

Metals 

UNS S31603 225 528 42 4 

F316 240 560 32 2 

All 

Weld 

Metals 

Sample 1 200 273 10 7 

Sample 2 160 241 8 2 

Sample 3 240 575 40 44 

Sample 4 243 563 33 47 

 

Both samples 3 and 4, welded using duplex and super duplex 

stainless steels filler metals, respectively, ER 2209 and 

ER2594, showed higher tensile test results than base metals, 

being in this way considered approved. 

In the other hand, both samples 1 and 2 showed lower tensile 

test results than base metals. As discussed before, both all 

weld metals of samples 1 and 2 are prone to solidification 

cracks. 

Figure 7 presents the micrographs of the all weld metals of 

samples 1 and 2. 

 

a)         b)  

 

Fig.7 - Micrographs of the all weld metals of a) Sample 1 (ER 316 and b) Sample 2 (ER 309l)  

 

Figures 8 and 9 presents the metallographic analyzes and the respective characterizations of sample 1, as well as the respective 

semi-quantitative chemical analyzes of regions near and far from the cracks through SEM with coupled EDS. 
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Fig.8 - Metallographic analyzes and respective characterization of Sample1 (All weld metal), as well as, the respective EDS 

of the region near the cracks. 

 

 

 
Fig.9 - Metallographic analyzes and respective characterization of Sample1 (All weld metal), as well as, the respective EDS 

of the region far from the cracks. 

 

The analysis of figures 8 and 9, shows that the regions close 

to the cracks have higher sulfur and phosphorus contents 

than the regions away from the cracks. 

This fact reinforces the theory that micro segregations of 

sulfur and phosphorus during the solidification of austenitic 

stainless steels that present Creq/Nieq ratio below 1.75 can 

generate solidification cracks. 

Austenitic stainless steels are, usually, indicated for high 

temperature applications [27]. However, it is important to 

emphasize that duplex stainless steels are not recommended 

for high temperature applications, due to the fact that these 

stainless steels are prone to the precipitation of deleterious 

phases, as shown at figure 10. 
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Fig.10 – Time Temperature Transformation (TTT) diagram of duplex stainless steel UNS S32750. [7, 13] 

 

IV. CONCLUSIONS 

When the Creq/Nieq ratio is lower than 1.75, the solidification 

may be austenitic (mode I) or austenitic-ferritic (mode II). If 

the total content of phosphorous and sulfur is higher than 

0.01%, the all weld metal is susceptible to hot cracking. 

Sulfur and phosphorous are strongly rejected into the liquid 

during solidification of austenite, rapidly lowering the 

melting point of the interdendritic liquid. On the other hand, 

δ-ferrite shows higher solubility for elements like sulfur, 

phosphorus, silicon and niobium. 

Due to the ferritic-austenitic solidification (mode III), 

duplex stainless steel filler metals, demonstrate to be 

efficient in the welding of austenitic stainless steels that 

present total content of phosphorous and sulfur higher than 

0.048%. 
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