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Abstract: In the present work we have studied the effects of nitrogen addition on the equilibrium of the volume fraction 
ratio austenite/ferrite and on the structural properties of weldments produced by gas tungsten arc welding (GTAW). 
The welded joints in tubes UNS S32707 of hyper-duplex steel were produced using argon and nitrogen gas welding, with 
nitrogen added in ratios of 1.5, 2.5, 3.5, 4.5, and 5.5%. Microstructural characterization of this material under the 
different processing condition was conducted by means of optical microscopy, scanning electron microscopy, local 
chemical analysis by X-ray energy dispersive spectroscopy, electron backscatter diffraction Vickers microhardness test, 
and digital image processing. All welding conditions resulted in welded joints with equiaxial grains microstructure 
containing austenite both at the boundaries and in the ferrite matrix. Microhardness measurements did not show 
significant variation in relation to the base metal. The use of welding gases with higher percentages of nitrogen resulted 
in increases in the austenite volume fraction in the order of 39 to 57% when considering the nitrogen content ranging 
from 1.5 to 5.5%. 
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1. Introduction 
The family of duplex stainless steels hold this nomination because the microstructure is constituted by balanced volume 

fractions of ferrite and austenite, resulting in structural materials with good mechanical and corrosion-resistance properties. 
Such properties ensure them a wide application in the chemical, petroleum and natural gas, and cellulose industries, among 
others. However, there are still some limitations on the application of this type of steel, such as in seawater in warm 
environments and in environments subject to extremely aggressive corrosion conditions [1-3]. To meet this demand, a third 
generation of duplex stainless steels, known as hyper-duplex, has been developed with better corrosion resistance [1]. These 
steels have chemical compositions with Pitting Resistance Equivalent Number (PREn) around 50, while the previous generation, 
super duplex stainless steels, have PREn just over 40 [4]. Since hyper duplex steel is recent in the market there are few research 
reports about this material. Raj et al. [2] and Wang et al. [3] studied the corrosion resistance of hyper-duplex, Raj et al. [2] 
conclude the pitting resistance was the highest for the sample with more austenite fraction in hot chloride environments, and 
Wang et al. [3] conclude the precipitation of sigma phase decreased pitting potential of 2707 hyper-duplex. Rajkumar et al. [5] 
studied the influence of Nb addition and concluded the microstructure of sensitized steel revealed the niobium carbides, 
resulting in higher hardness and lower erosion rate. Kim et al. [6] studied the influence of Mo, and conclude that the addition of 
Mo increase the ferrite volume fraction and decreased austenite volume fraction. 

When exposed to high energy inputs, such as heat treatments, welding processes, or thermo-mechanical operations, an 
imbalance in the proportions of ferrite and austenite may occur, as well as the precipitation of deleterious phases, nitrites or 
carbides, leading to a weakening of the performances of these materials. Fonseca et al. [7] analyzed the formation, kinetics and 
microstructural evolution of sigma phase in super-duplex UNS S32750, and concluded that sigma phase nucleates on the edges. 
There is a consensus [7] that the sigma phase precipitates, which nucleates at the austenite/ferrite and ferrite/ferrite interfaces 
increases the hardness and also causes embrittlement. Kobayashi and Wolnec [8] reported that during sigma phase precipitation 
in duplex stainless steels, a Cr and Mo-depleted austenitic is formed, thereby explaining the decrease in corrosion resistance. 
Martins and Casteletti [9] examined the sigma formation in super duplex steel ASTM A890, and the authors concluded that sigma 
precipitation occurred at a temperature range between 720 °C and 1060 °C, resulting in a drastic decrease in toughness. It is 
therefore important to further investigate the precipitation of deleterious phase since the presence of those phases may result 
in components failures, as reported elsewhere [10]. The above-mentioned studies [7-10] were conducted on duplex 
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(first generation) or super duplex (second generation). In a second study [11] the authors have worked on hyper duplex (third 
generation) steels and found that the precipitation kinetics of sigma phase is faster than in the other 2 generations steels, due 
to a higher percent of chromium and molybdenum. 

The weldability of steels is always an important factor to be evaluated since it is the most common and often the only 
technique possible to be used for joining components. Welding processes usually involve sufficient heat input to cause 
microstructural changes in steels which are rich in alloying elements. Kim et al. [12] performed GTAW welding tests with Ar 
shielding gas in a hyper-duplex steel getting equal volume fractions of ferrite and austenite for welding with a filler metal, 
however the joint without a filler metal, presented 80% of ferrite, thus exhibiting a low corrosion resistance. In a more recent 
study [13], the authors have investigated the possibility to improve the weld joint without filler metal by the addition of 2% N2 
in the shielding gas. With the addition of N2, Kim et al. [13] reached a welded joint with 60% of ferrite, still a higher value than 
the ideal volume fraction of 50% ferrite. 

It is well known that nitrogen is a strong austenite stabilizer [13-15]. However, there are no studies reported in the 
literature determining the optimum percentage of N2 that should be added in the shielding gas to promote equal volume 
fractions of ferrite and austenite, especially on hyper-duplex stainless steel. In this context, the present work aims at determining 
the amount of N2 that should be added to the shielding gas for manufacturing an autogenous GTAW joint in hyper-duplex steel. 

2. Materials and Methods 
The material used for this work was hyper-duplex tubes with 19.05 mm in diameter and 2.24 mm in thickness. Those tubes 

were welded in our laboratory in an automated manner using the gas tungsten arc welding (GTAW) process, using a heat input 
of 0.15 kJ/mm and a shielding gas composed of Ar + N2 with different contents of commercially standard N2, 1.5%, 2.5% 
(commercial standard), 3.5%, 4.5% and 5.5%. The standard chemical composition expected for UNS S32707 steel and our results 
obtained from a quantitative chemical analysis by optical emission are shown in Table 1. The welding heat input calculation was 
performed by using the Equation 1 [16]. 

/=H    E I   1000 Sη  (1) 

Where, “H” is the heat input (0.15 kJ/mm), “η” is the arc efficiency (0.8 [17]), “E” is the arc voltage (10 V), “I” is the arc current 
(32 A) and “S” is the travel speed (1.70 mm/s). 

Table 1. Expected chemical composition and results obtained by optical emission for the material used (wt%). 

Element Standard Optical emission 
C max. 0.030 0.035 
Si max. 0.5 0.258 

Mn max. 1.5 0.84 
P max. 0.035 0.010 
S max. 0.010 0.0059 
Cr 27 25.81 
Ni 6.5 6.40 

Mo 4.8 4.77 
N 0.4 --------- 
Co 1.0 1.07 

The following welding parameters were used: pulsed arc; peak current intensity of 40 A; base current intensity of 24 A; 
peak and base current time 50%; shielding gas flowrate of 13 L/min; AWS Class EWTH-2 2.4 mm electrode; electrode tip angle 
of 37 °; and welding nozzle #5. 

In order to analyze the microstructures of the weld metal (WM), the heat affected zone (HAZ) and the base metal (BM), 
we have used light optical microscopy (LOM) and scanning electron microscopy (SEM) equipped with X-ray energy dispersive 
spectroscopy (EDS). The LOM images were taken on a Zeiss M2m microscope, and the SEM images were documented on a FEI 
Nova Nanolab 600 FEG-SEM microscope operating at 10 kV. For LOM observations the samples were polished with diamond 
paste and submitted to electrolytic etching with NaOH solution. For the SEM observation, the samples fist were polished with 
diamond paste and finally electrochemical polishing with a chromium oxide solution. 

FEG-SEM allowed phase identification through electron backscatter diffraction (EBSD) and chemical mapping by means of 
energy dispersive spectrometry - EDS. Both EBSD and EDS analyses were carried out on welded joints with 2.5% N2, which is the 
commercial standard for shielding gas, and 5.5% N2, which corresponds to the highest nitrogen content in our tests. In fact, the 
literature [18,19] reports that 5.5% N2 should be the situation with the highest propensity to form nitrites. 
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The volume fractions of ferrite and austenite present in the base metal (BM), heat affected zone (HAZ) and welded metal 
(WM) of the welded joint were quantified by digital image processing using Zeiss AxioVision software. Vickers microhardness 
(HV) were measured on the welded joints following a straight line, covering the WM, HAZ and BM of the joint in distance intervals 
of 100 µm as illustrated in Figure 1. A PANTEC microhardness indenter model MV-1000A, with a 0.9807 N force and load 
application time of 15 seconds was used. 

 
Figure 1. Optical micrograph of a welded joint showing the 3 zones in a welded joint and the position marks where Vickers microhardness 

were measured. 

3. Results and Discussion 
Figure 2 shows a set of optical micrographs representative of the five nitrogen concentrations used in the welding at 

different magnifications and sample regions. The electrolytic etchant, which deposits a layer of oxides on the surface of the 
sample [20], allows color effects under reflection LOM, revealing the ferrite phase in yellow, blue and red colors and austenite 
in shades of brown to slightly bluish. None of the welded joints showed the presence of a sigma phase, which would have 
appeared with a dark brown color and a lacy aspect [21]. 

In the WM micrographs shown in Figure 2 it is possible to observe that in all the conditions studied here, the grains appears 
preferentially equiaxed. The pulsed arc process used in welding leads to the stirring of the weld pool, resulting in a better 
distribution of heat flowing during the solidification process, supporting the nucleation of growth of equiaxed grains [22]. 

The BM presented a microstructure with alternating ferrite and austenite lamellae (Welding Zone 200x - Figure 2). Such 
alternation is associated with the ferrite/austenite interfacial energy being lower than that for ferrite/ferrite and 
austenite/austenite boundaries. The size of the BM grains of the studied hyper-duplex steel is small when compared to those in 
the duplex and super-duplex steels of the same manufacturer. The obtained images indicate that the width of the ferrite and 
austenite grains was less than 10 µm, a fact that may explain the high mechanical strength of the hyper-duplex steels when 
compared to the previous generation steels [4]. 

The HAZs appears to be rather narrow, measuring less than 0.1 mm (HAZ 1000x - Figure 2). This is in accordance with the 
welding process used because the heat input in GTAW welds is very localized [23]. The presence of deleterious (sigma) phases 
was not observed in the HAZs (Figure 2). 
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In the regions of the WMs (WM 1000x - Figure 2) it was verified that the austenite was formed preferentially in ferrite 
grain boundaries, with same nucleation inside the ferrite grain. In the solidification of the duplex steels, the ferrite phase is 
usually formed first, and the austenite precipitates from it when the material is already in the solid state [24]. Qualitatively, it is 
possible to observe a direct relationship between the increase in the amount of nitrogen in the shielding gas and the increase 
of the volume fraction of austenite in the WM, which is due to the strong austenitizing effect of nitrogen [25]. It is also possible 
to notice the presence of allotriomorphic austenite, which is found in ferrite grain boundaries [26]. 

 
Figure 2. OM images of the weld joints for all conditions showing the BM, HAZ and WM. Austenite in brown color; and Ferrite in yellow, 

blue and red colors 

Some microstructural features observed by SEM under 20,000 magnification (Figure 3) identified small regions within the 
ferrite and austenite grains. Dark-colored regions with the same geometric aspect had already been identified by other 
investigators as nitrides [18,19]. However, local EDS results indicated no composition changes that could be associated with the 
presence of deleterious phases (Figure 3), which according to the literature [18], would be regions richer in chromium, 
molybdenum, or nitrogen. According ASM standards [23] the formation of nitrides and deleterious phases requires the duplex 
stainless steel to be held at high temperature for a given time. However, due to the fact the autogenous process has a very high 
cooling rate, the welding process allowed no time for nitrides or deleterious phases formation. 
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Figure 3. SEM images and EDS spectrum of regions within the ferrite and austenite grains. 

Due to the deleterious effect of the sigma and chi phase, nitrites and carbides, we explored the capabilities of three 
techniques to verify their formations: secondary electrons SEM, EBSD and microhardness. The EBSD results (Figure 4) indicate 
only the presence of ferrite and austenite phases (alpha phase in red and gamma phase in green). As expected the EDS maps 
(Figure 5) for the Ni, Cr, Mo and N elements show that the austenite had higher levels of Ni and N and the ferrite had higher 
levels of Mo [27]. Cr was homogeneously-distributed in both phases. 

 
Figure 4. EBSD results of a welded joints with 2.5% N2 (A) and 5.5%N2 (B) showing the BM, HAZ and WM. 
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Figure 5. X-ray elemental maps of welded joint. 

The increase of the nitrogen content used in the shielding gas had no significant effect in the microhardness of the welded 
joints, as shown in Figure 6. A statistical analysis using Student’s t-test, with 95% confidence, showed that there was no variation 
between the BM and WM regions. The homogeneity in the microhardness values is another indicator of the absence of any 
deleterious second phase precipitation [12]. 

 
Figure 6. Microhardness profiles of welded joints following a straight line covering the WM, HAZ and BM. 

The plot in Figure 7 shows the austenite volume fractions obtained for each of the welded joints conditions and the BM. 
It is possible to establish a direct relationship between the increase in the nitrogen content in the shielding gas and the increase 
in the austenite volume fraction in the WMs. The duplex structure stainless steel has an ideal volume fraction ratio around 50% 
for each of the phases, ferrite and austenite [28]. The literature indicates acceptable ranges for the volume fractions variations 
of each phase, which could range between 30% and 70% [29] or between 35% and 65% [30], values valid for both phases, ferrite 
and austenite. For the indicated limits, all conditions used in this study have presented satisfactory results, with volume fraction 
values of austenite ranging from 39% to 57%. An important finding in the present work is that for the shielding gas with nitrogen 
between 3.5% and 4.5%, the measured volume fractions were the only ones that reached closely the ideal value of 50%. 
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Figure 7. Effects of the variation of the N2 content in the shielding gas on the volumetric fraction of the austenite phase. 

4. Conclusions 
Consistent observations of the microstructure of weld joints in hyper-duplex stainless steel upon shielding gas composed 

of Ar + N2 with different contents of N2 yield to following conclusions: 
- It is marked the effect of the amount of nitrogen on the austenite volume fraction: It is possible to observe an almost linear 

relationship between the increase in the amount of nitrogen and the volume fraction of austenite in weld metal. Using the 
commercial standard shielding gas, with 2.5% of N2, the WM has 42% of austenite. For contents between 3.5% and 4.5% 
the ideal volume fraction of austenite was found as 50%, indicating a need for review of currently used industrial processes; 

- The three techniques explored to verify the formations of sigma and chi phases, nitrites and carbides did not indicate their 
formation. The microhardness indicated no change between WM, HAZ and BM. The EDS SEM and EBSD analyses only 
indicated the presence of phases ferrite and austenite. It is very important to prove that the increase in the amount of N2 
required to achieve a 50% volumetric fraction of austenite did not result in deleterious phases formation. 
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