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Abstract 
 
   In the present work, bead-on -plate welds were carried out on AISI 904 L super austenitic stainless steel sheets using Gas 
Metal Arc Welding (GMAW) process. In this present investigation AISI 904 L solid wire having 1.2 mm diameter was used as 
an electrode with direct current electrode positive polarity. Argon was employed for shielding purposes. The fusion zone is 
generally characterized by a few geometrical features namely bead width, bead height and depth of penetration. The shape of the 
fusion zone depends upon a number of parameters such as gas flow rate, voltage, travel speed and wire feed rate. Taguchi 
Technique is applied to plan the experiments. The bead profile parameters such as bead width, bead height and depth of 
penetration are measured. From the experimental results, the gray relational analysis is applied to optimize the input parameters 
simultaneously considering multiple output variables. In order to understand the microstructural changes occurring in the weld 
zone is investigated through the optical microscopy. The hardness measurements were taken across the fusion zone.  
 
Keywords: Super austenitic stainless steel; bead geometry; Microstructural characterization; Hardness. 
 
1. Introduction 
 

Super austenitic stainless (AISI 904 L) steel is utilized extensively in the chemical, petrochemical, pulp, paper, and pollution 
control industries. It has the superior corrosion resistance at moderate and high temperature applications. The microstructure of 
super austenitic stainless steel is of fully austenitic in nature under solution quenched condition. The term super austenitic relates 
to austenitic stainless steel containing high amounts of molybdenum, chromium, nickel, nitrogen and possibly manganese (Liljas 
1997, Di Caprio et al. 1997, Liljas and Acom 1995). Super austenitic stainless steel (AISI 904 L) is a highly alloyed austenitic low 
carbon stainless steel having good weldability. Due to its high molybdenum content and specially designed welding consumables 
with low impurity level, hot crack formation during welding can be avoided despite the fully austenitic filler metal. Super 
austenitic stainless steel (AISI 904 L) is primarily characterized by its excellent ductility, even at low temperatures. Ferrite free, 
fully austenitic stainless steel with high nitrogen content has very good impact strength and is therefore very suitable for cryogenic 
applications. Especially for nitrogen alloyed steel, yield and tensile strengths are generally high. This type of steel cannot be 
hardened by heat treatment and it is normally supplied in quench annealed condition. Super austenitic stainless steel (AISI 904L) 
finds applications in the production of condensers, heat exchangers and pipe work in general paper and allied industries, sea water 
cooling equipments, oil and refinery components and also in transport of sulfuric acid. 

The utility of super austenitic stainless steel is particularly interesting because they bridge the cost wise difference between 
relatively cheaper austenitic stainless steel and expensive nickel base super alloys. This steel has high corrosion resistance 
properties at moderately high temperatures (Wallen et al., 1992). The microstructure of super austenitic stainless steel consists of a 
fully austenitic structure in the solution-quenched condition. However, the high amount of alloying elements, Mo, N and Cr can 
enhance the precipitation of intermetallic phases.  

The gas metal arc welding (GMAW) process is a welding method that yields coalescence of metals by heating with a welding 
arc between continuous filler metal (consumable) electrode and the work piece. The continuous wire electrode, which is drawn 
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from a reel by an automatic wire feeder, and then fed through the contact tip inside the welding torch, is melted by the internal 
resistive power and heat transferred from the welding arc. Heat is concentrated by the welding arc from the end of the melting 
electrode to molten weld pools and by the molten metal that is being transferred to weld pools. Molten weld pools and electrode 
wire were protected from contaminants in the atmosphere by a shielding gas obtained from various combinations (Kim Ill-Soo et 
al., 2003). In gas metal arc welding the common variations of shielding gases, power supply and electrodes play significant effects 
in process variables by (Miami, 1981). All commercially important metals such as carbon steel, stainless steel, aluminum and 
copper can be welded with this process in all positions by choosing the appropriate shielding gas, electrode and welding condition 
Miami (1978). The composition of a shielding mixture in arc welding depends mostly on the kind of material to be welded. The 
selection of the shielding gas should, by all means, take into account chemical–metallurgical processes between the gases and the 
molten pools that occur during welding as reported by Ahmet Durgutlu (2004). Super austenitic stainless steel is Fe-based system 
highly alloyed with Cr, Ni, Mo, and N to produce excellent pitting and crevice corrosion-resistant properties at high temperatures 
and in seawater. When exposed to elevated temperatures for long periods of time, large amounts of precipitates, including 
carbides, nitrides, and intermetallic phases, are formed in this steel. The most commonly observed secondary phases include M23C6 
carbide, and intermetallic σ, χ and Laves phases. Other less commonly observed secondary phases include M6C, π, R, and Cr2N 
(Heino et al., 1999; Heino et al., 2000; Svoboda et al., 2004; Lee et al., 2000). High amount of these phases reduces the corrosion 
resistance and mechanical properties of the stainless steel. The type of precipitate strongly depends on the local composition, 
heating time and temperature. At temperatures ranging from 700 to 1100 °C, carbides are usually the first to form. At longer 
duration, these carbides are usually replaced by intermetallic compounds, such as σ, χ and Laves. Low carbon solubility has been 
found in σ, while a high solubility of interstitial elements in the austenite (γ) matrix tends to favor the formation of χ and Laves 
phases. Increased Mo percentage favors the precipitation of intermetallic at higher temperatures. High amount of N (0.5 wt. %) has 
been found to prevent the χ phase from forming at all; instead, the formation of the Laves phase is reported (Heino et al., 1999; 
Heino et al., 2000; Svoboda et al., 2004). However, the Laves-phase formation is delayed with additional nitrogen (Heino et al., 
2000). It is well known that nitrogen has a greater solid solubility than carbon, and it is a strong austenite stabilizer element 
(Simmons, 1996). Thus, the addition of nitrogen not only increases the mechanical properties of these materials but also proves 
useful in delaying or even preventing the formation of harmful precipitates. 

The microstructural and fatigue properties of different super austenitic stainless steel like AISI 904 L, 254 SMO and 
AMANOX1.3964 are studied when they are welded by plasma arc and electron beam-welding. The microstructures were fully 
dendritic and austenitic although the interdendritic materials are richer in ferrite stabilizing elements (Cr, Mo). The heat affected 
zone (HAZ) was very narrow in the electron beam welded joints due to the high cooling rate. The fatigue strength of such welded 
joints was found to be superior to that of the joints of ferritic – pearlitic steel (Lee et al., 2000; Heino et al., 1999; Bonollo et al., 
2004). The absence of precipitates in the region near the plate surface, close to the fusion line, was justified by the cooling rate 
which was fast enough to prevent the precipitate formation. However, closer to the plate centers, the welding process has led to a 
temperature exposure at which precipitation occurred (Nastac, Stefanescu 1993). The temperature and stress fields which are 
computed in the laser welded region of mild steel sheets using finite element method were studied. It is found that, the temperature 
decay rate in the molten zone is lower than in the solid. The grain coarsening occurs in the heat affected zone and grain refinement 
and recrystallization takes place in the fusion zone (Yilbas et al., 2010). 

Till now, only a very few literature deals with the gas metal arc welding of super austenitic stainless steel with argon as a 
shielding gas. Super austenitic stainless steel has hot cracking problems in high heat input welding process. In order to understand 
the basic microstructural changes that occurred in different heat input of GMAW process, it is essential to study the bead on plate 
welding of super austenitic stainless steel using GMAW process. Specific information on the gas metal arc welding of AISI 904 L 
super austenitic stainless steel has not yet been fully established. The present investigation is concerned with varying the input 
parameters and their effects on the bead profile and metallurgical properties of super austenitic stainless steel weld. 

Bead geometry, which includes bead height and bead width, is an important physical property of weldments. It is said that the 
cooling rate of a weld can be predicted from the weld cross-sectional area and the arc-travel rate. The bead cross-sectional area 
together with its height and width affects the total shrinkage, which determines largely the residual stresses and thus the distortion 
was reported (Shumovsky, 1952). Meitzner and Stout (1966) concluded from their experimental studies with metal-arc inert gas 
(MIG) welding that the degree of cracking in welded joints was related more directly to the contour of the solidified bead than to 
the external welding parameters such as current and voltage. Several welding parameters seem to affect the bead geometry. Gurev 
and Stout (1963) observed in MIG welding that the bead width increased with increasing heat input into the work, i.e. with either 
decreasing arc-travel rate or with increasing current. It was also shown that undercutting of weld beads was associated with high 
arc-travel rates and also studied the effect of metal transfer characteristics on bead geometry. Under conditions of spray transfer, 
increased voltage produced increased bead width, but significant decrease in bead height, penetration and reinforcement area. 
Christensen et al. (1965) concluded that the weld cross sectional area was related to the effective heat input to the plate, the latter 
being obtained from arc-voltage, arc current and arc-travel rate. The effect of welding parameters at reduced atmospheric pressures 
on bead geometry was reported (Begeman et al., 1950) who observed that bead width and height were larger with reverse polarity 
than with straight polarity and that the bead width increased in direct proportion to the energy supplied. 

Ronay (1960) stated that with straight polarity welding under normal atmospheric shielding, the depth of penetration was almost 
twice that of reverse polarity. While working with an MIG welding process, Gurev and Stout (1963) also observed that the depth 
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of penetration increased with an increase in current, but decreased with a decrease in voltage and that the penetration increased as 
the arc-travel rate was decreased until it attained a minimum value which depends on the arc-power. The other factors which 
influence the penetration are heat conductivity, arc-length and arc-force. The higher the heat conductivity of a material the lower is 
the penetration.  

Summarizing, it can be stated that the bead geometry and penetration affect the weldment characteristics and are dependent on a 
number of welding variables. In the present investigation an attempt was made to study some of the weldment characteristics such 
as bead height, bead width and depth of penetration, as affected by welding parameters like arc-voltage, travel speed, wire feed 
rate and gas flow rate. And also its effect of the microstructural changes in the weld zone and hardness variation across the beads 
on the GMA welded AISI 904 L (UNS N08904) super austenitic stainless steel. 
 
2. Experimental procedures 
 

The experiments were carried on AISI 904 L super austenitic stainless steel plates of size 100x40x5 mm3.  
 

Table 1. Base Material & Filler wire Chemical Composition (Weight %) 
Material Si Mn P S Cr Ni Mo C Cu Fe 

Base material 

(%) 
0.374 1.522 0.018 0.004 19.893 25.557 4.124 0.018 1.650 rest 

Filler wire 

(%) 
0.35 1.7 - - 20.0 25.5 4.5 0.01 1.5 Rest 

 
Table 2. L 9 orthogonal Array 

Experiments Factor 1 Factor 2 Factor 3 Factor 4 
1 1 1 1 1 
2 1 2 2 2 
3 1 3 3 3 
4 2 1 2 3 
5 2 2 3 1 
6 2 3 1 2 
7 3 1 3 2 
8 3 2 1 3 
9 1 3 2 1 

 
 

Table 3. Selection of parameters level 
Factors Level 1 Level 2 Level 3 

Voltage (Volts)  

(Factor 1) 
28 30 32 

Travel speed (mm/min) 

(Factor 2) 
90 100 110 

Wire feed rate (m/min) 

(Factor 3) 
1.5 1.75 2.0 

Gas flow rate (lpm) 

(Factor 4) 
12 14 16 

 
The base material and filler wire chemical compositions are presented in Table 1. The filler (Avesta welding wire MIG AWS A 

5.9 ER 385) wire 1.20 mm diameter was used in this study. Argon was used as a shielding gas and also constant current power 
source is used. The distance between the nozzle tips to electrode tip (electrode extension) is maintained as 15 mm. Argon does not 
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react and it does not promote oxidation so that the chemical composition of the weld metal would not be affected. For this reason, 
argon is widely used as the base gas in most of the shielding gases used for stainless steel welding. Argon arc is directional with a 
tendency to give finger shaped penetration into the work piece. Just prior to welding, sheets were cleaned with fresh stainless steel 
wire brush followed by acetone swabbing. The bead on plate welding was performed with a GMAW process. In this study, an L9 
orthogonal array was used. Nine experiments are required to study the entire welding parameters space when the L9 orthogonal 
array is used. The experimental layout for the welding process parameters using the L9 orthogonal array is presented in Table 2. 
The level and selection of heat input parameters are presented in Table 3. 

After the welding process, the specimens were sectioned and polished with suitable abrasive and diamond paste. Then, the 
specimens were etched with oxalic acid and electrolytic to clearly reveal the fused metal zone. The bead profiles were measured on 
the etched sample by optical microscopy. The Microhardness of the weldment was measured from the base metal, across the 
fusion line to the weld zone, in transverse direction using a Zwick Hardness testing machine under 1 kg load, maintained for 20 
sec. Microstructural studies were carried out. 
 
3. Results and discussion 
 

 The welding was performed Fronius TransSynergic 5000 series welding machine with different set of parameters. The 
macrograph of the welded sample is presented in Figure 1. 

 

 
Figure 1. Macrograph of the welded sample (Experiment No.1) 

 
From Figure 1, it is observed that the surface of the welded plate is clean and good. The weld zone, if free from cracks for all the 

experimental runs is considered for profile measurement. The weld bead was thoroughly examined using radiography technique to 
identify the soundness of weld. From both ends, 10 mm length weld portion were discarded. Then samples for microscopic 
examination are cut from the rest of the weld region. The cut samples were used to investigate the bead profile measurement, 
microstructural study and hardness measurements.   

 
Table 4. Experimentally Measured values 

Sl. 
No. 

Voltage 
(Voltage) 

Travel 
Speed 

mm/min 

Wire 
feed 
rate 

m/min 

Gas flow 
rate(lpm) 

Bead 
height 
mm 

Bead 
width 
mm 

Depth of 
penetration 

mm 

1 28 90 1.5 12 2.532 13.01 2.750 
2 30 100 1.75 12 3.699 10.45 2.439 
3 32 110 2 12 3.13 12.56 2.907 
4 28 100 2 14 3.212 12.01 2.419 
5 30 110 1.5 14 3.416 11.49 2.237 
6 32 90 1.75 14 3.435 10.76 3.211 
7 28 110 1.75 16 3.070 11.30 2.582 
8 30 90 2 16 3.659 11.38 3.354 
9 32 100 1.5 16 3.699 12.24 2.988 

 
The experimental results for the weld bead profiles are presented in Table 4. Heat input plays an important factor for 

determining the bead profiles. In general, due to the high amount of heat input i.e., larger amount of heat deposited on the surface 
leads to higher penetration. From the Table 4, the high amount of penetration was observed in the 6 & 8 set of parameters. When 
the travel speed is at a lower level, the concentration of heat input increases, which leads to the higher penetration.  
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3.1 Macrograph of the Bead Profiles: 
Using the optical microscopy, the bead profile macrographs were evaluated. The smooth bead profile micrographs are presented 

in Figure 2. The fusion line zone is clearly visible in all the micrographs. In Figure 2 (a-i) the depth of penetration is partially full 
in all the micrographs.  

 

             
(a)      (b)                  ( c) 

Figure 2(a-c). Macrograph of Bead Profiles 

              
       (d)        (e)      (f) 
 

                   
                     (g)       (h)       (i) 

Figure 2(d-i). Macrograph of Bead Profiles 
 

From Figure 2 (a-i), it can be observed that the surface of the welded plate is clean and good. The weld zone, if free from cracks 
for all the experimental runs is considered for profile measurement. Spatter and discontinuities are also not observed in the welded 
sample. This is confirmed that not only based on the visual inspection and also by liquid penetration test. The experimental results 
for the weld bead profiles are presented in Table 4. 

 
3.2 Effects of Chemical Composition on the Weld Metal: 

The weld metal chemical compositions and Creq /Nieq ratios are presented in Table 5. In general, the ferrite stabilizing elements 
such as Cr and Mo promote the ferrite structure and austenite stabilizing elements Ni and N promote the austenite structure. From 
Table 5, oxide-stabilizing elements like carbon, titanium and niobium level is low for all the weld metal. Due to this, formation of 
carbides can be minimized. In the 6 & 8 set of parameters, the level of sulphur and manganese content in the weld metal is high 
and because of this the depth of penetration is higher than the other weld penetration. The high amount of nickel formation in the 
weld metal suppresses the formation of delta ferrite. From the weld metal chemical composition, the Mn content is high to promote 
the formation of fully austenite structure in the weld metal. 
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Table 5. Weld Metal Chemical Composition (%) 
Set of 

parame
ters 

C Si Mn P S Cr Ni Mo Cu Nb N Creq Nieq Creq/ 
Nieq 

 
1 0.019 0.322 1.68 0.0253 0.0095 20.53 25.3 4.60 1.48 0.038 0.06 25.288 27.927 0.905 

2 0.017 0.330 1.70 0.022 0.010 20.55 25.9 4.6 1.49 0.0039 0.08 25.152 28.467 0.883 

3 0.018 0.320 1.71 0.024 0.012 20.68 25.3 4.59 1.48 0.0038 0.09 25.306 28.10 0.900 

4 0.019 0.316 1.68 0.023 0.010 20.61 25.3 4.61 1.49 0.004 0.11 25.255 28.537 0.884 

5 0.0189 0.331 1.64 0.026 0.005 20.62 25.1 4.67 1,52 0.0039 0.12 25.324 28.541 0.887 

6 0.019 0.327 1.72 0.024 0.013 20.69 25.0 4.87 1.51 0.0038 0.10 25.593 28.042 0.912 

7 0.019 0.315 1.65 0.023 0.012 20.55 25.41 4.62 1.5 0.004 0.11 25.205 28.65 0.879 

8 0.017 0.328 1.75 0.025 0.014 20.72 25.27 4.63 1.48 0.004 0.12 25.385 28.635 0.886 

9 0.017 0.322 1.68 0.024 0.004 20.53 25.36 4.62 1.49 0.004 0.09 25.184 28.127 0.895 

   
The chromium and nickel equivalents (Creq and Nieq) with respect to the compositions of the weld zone were determined using 

the following empirical relation (Lu et al., 2005): 
 

Creq = % Cr + %Mo + 0.7%Nb  and  Nieq = %Ni + 35%C + 20%N + 0.25% Cu 
 
where the symbols denote the chemical compositions in weight percentage. The ratio Creq/ Nieq for each set of weld metals is given 
in Table 5. A modified Schaffler diagram, which incorporates high cooling rates involved in welding process, was reported. This 
diagram indicated a relation between Cr and Ni equivalents and the phases present in the microstructure was reported (David et al. 
1987). When the ratio of Creq/ Nieq is lower than 1.35, solidification results in austenitic formation and when it is greater than 
1.35, ferrite formation is reported. From Table 5, it is clearly understood that the ratio of Creq/ Nieq is less than 1.35. Hence, all the 
weld metals are solidified in austenitic solidification mode. 

Pseudo-binary diagram for the prediction of equilibrium microstructure in stainless steel is presented in Figure 3. The apparent 
presence of two phases has been detected and the first solidifying grains (dendrites) are certainly enriched in austenite stabilizing 
elements, while the ferrite stabilizing elements are rejected to the interdendritic liquid. Due to the very low Creq/ Nieq value of this 
kind of steel, the interdendritic liquid is solidified as austenite phase was reported (Lippold and Savage 1979 and Raja et al. 1998). 

 

 
Figure 3. Pseudo-binary diagram for the prediction of equilibrium microstructure in stainless steels (Charles 1992). 

 
3.3 Vickers Hardness Test 

The samples were sectioned and polished with different grades of emery sheets and followed by the cloth polishing. These 
samples were etched for identifying the fusion line and fusion zone. The 1 kg load was applied up to 20 seconds.  
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Table 6. Vickers Hardness values for HAZ and Weld zone 
Set of 

parameters 
1 2 3 4 5 6 7 8 9 Base 

Weld metal 
(VHN) 

198 194 188 208 202 204 206 201 172 

HAZ 
(VHN) 

209 208 196 211 207 220 208 219 190 
170 

 
The hardness values are determined and presented in Table 6. During solidification of the fused zone, the material generally 

loses its original strength induced by strain hardening effect. In the case of carbon or low alloy steel, the formation of bainite or 
martensitic phases in the fused zone promotes an increase in hardness. In single-phase materials, this increase in hardness in the 
weld metal may be induced by precipitation hardening effects, residual stresses or microstructural refinement due to the faster 
cooling of the weld metal. From Table 6, it is seen that the hardness of weld metal is lower than the hardness of HAZ, because of 
the refinement of the grain size. Due to the fast rate cooling, the grains are getting finer for improvement of the hardness values in 
the HAZ. The base metal hardness is lower compared to the hardness of both HAZ and weld metal. It is due to the presence of 
finer grains. Due to the presence of grain-refining elements, such as aluminum, niobium, vanadium, and titanium, the grains at 
HAZ and weld metal are refined compared to the grain size of base metal.  

From the above Table, it is observed that the HAZ hardness values are higher than the weld metal. In particularly 6 & 8 set of 
hardness values are much higher than the other set of parameters. The increase in hardness value at HAZ and weld is because of 
fast cooling rate leading to the formation of the finer grain size.  
 
3.4 Microstructural Study 

 As received solution annealed condition base material microstructure is presented Figure 4. Well-defined grain boundaries are 
shown. The 100% austenitic phases are observed from the above Figure. In earlier investigations (Bonollo et al. 2005, Li et al. 
1996 & Raja et al., 1998) the apparent presence of two phases has been detected and attributed first to the solidifying grains (i.e. 
dendrites) which are certainly enriched in austenite stabilizing elements, while the ferrite stabilizers are rejected to the 
interdendritic liquid. However, due to the very low Creq/Nieq value, the interdendritic liquid also solidifies as austenite, due to the 
effect of the differences in chemical composition.  

 

 
Figure 4. Base material microstructure 

 
In the weld metal microstructure (Figure 6 (a-i)), a fully dendritic microstructure and coarse grains are observed and the darker 

austenite phase is primary (dendritic) and lighter one is secondary interdendritic phase. The austenite stabilizing elements such as 
Ni, N and C first get partitioned into the primary dendrites (austenite in nature). This leads to ferrite stabilizing elements like Cr, 
Mo, and Si partitioning into the liquid phase. Along with these elements impurities also get partitioned into the liquid and become 
part of interdendritic (secondary phase). It is obvious from the Figure 5 (h & i), that the secondary austenite phase becomes sharper 
when compared to other secondary austenite phases and occupies more area compared to primary dendrite phases. Enhancement of 
solute in the solidifying phase at higher cooling rate leading to the reduction in the accumulation of solute in the liquid phase and 
leads to sharp boundaries (Lippold and savage 1980). 
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Figure 5 (a-i). Weld metal Microstructures 

 
 

 
Figure 6. Base-Fusion line-HAZ microstructure 

 
The distinguished zone microstructure is presented in Figure 6. From Figure 6, one can observe very finer fusion line grains, fine 

HAZ grains and coarse size base material grains.  
 
 
 

Base metal 

HAZ

Fusion line 
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Figure 7 (a-i). Heat affected zones (HAZ) Microstructures 

  
The HAZ microstructures appear to be characterized by fully dendritic structure as presented in Figure 7 (a-i). From Figure 7 (a - 

i), the grains are observed in the elongated region and it presented finer grains. Compared to the weld metal microstructure the 
HAZ microstructures have finer elongated grains. Grains are scattered because the secondary interdendritic liquid space is more 
compared to the primary dendritic structure. Sharp dendritic primary phase is presented in Figure 7 (f). Comparatively the HAZ 
microstructure having more amounts of secondary austenite (interdendritic) phases is observed. Due to high amount of 
interdendritic austenitic phase and fast cooling rate the grains are getting finer. 

 
4. Conclusions  
 
   The important conclusions derived from this work are:  
 

1. When Argon is used in welding, the efficient blending of the 5 mm thick AISI 904 L super austenitic stainless steel grade 
was proved to be more effective. 

2. The ratio of Creq/ Nieq was lesser than 1.35. Hence, all the weld metals solidify in austenitic solidification mode. 
3. The heat affected zone hardness values are higher than the weld metal and base metal. Due to high amount of 

interdendritic austenitic phase and fast cooling rate the grains are getting finer in HAZ. 
4. The fully dendritic microstructure is observed in weld metal as well as HAZ.  
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