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INTRODUCTION AND PROBLEM STATEMENT 
Stainless steels according to the Hungarian and European standard MSZ EN 

10088:2015 are those steels which have a chromium content of at least 10.5 % 
and a carbon content of up to 1.2 %. 

According to the 2018 report by the International Stainless Steel Forum 
(ISSF) [1], the worldwide production of stainless steels reached 45.4 million 
tonnes by the end of 2018 [2]. Stainless steels are divided into three groups 
according to their application: (i) corrosion-resistant steels, (ii) heat-resistant 
steels and (iii) creep-resistant steels. Also, according to MSZ EN 10088-1, types 
of stainless steels are classified into four subgroups based on their microstruc-
ture: (i) austenitic, (ii) austenitic-ferritic (duplex), (iii) ferritic, and (iv) marten-
sitic, and precipitation hardening types. 

Duplex stainless steels contain more nickel as an alloy element than ferritic 
types, but typically less than the austenitic ones (Ni = 1-9 %). According to their 
chemical composition, duplex stainless steels can be divided into four main 
groups: (i) lean duplex steels with reduced Ni and Mo, (ii) Cr = 22 %, Ni = 5 %, 
Mo = 3 % and N = 0.20 % standard duplex steels, (iii) super-duplex steels with 
increased Cr and W content; (iv) hyperduplex steels with increased Cr and Mo 
content. 

The industrial application of duplex stainless steels has been steadily in-
creasing since the 1990s [3, 4], but in terms of the total stainless steel use, the 
usage of duplex steels are barely 1% [5, 6]. However, this 1 % usage means 
18 % of stainless steel failure in the oil and gas industry [6]. 

In duplex steels, the ideally equal austenitic-ferritic microstructure com-
bines the advantages of austenitic and ferritic corrosion-resistant steels, i.e. 
high strength and corrosion resistance [7, 8]. The ideal phase ratio formed in 
the duplex base metal is due to the presence of austenite- and ferrite-
promoting alloys in the appropriate amount and the result of a well-chosen 
thermal cycle. 

In addition to the classical alloys of stainless steels (Cr, Ni, Mo), duplex 
steels are alloyed to a high degree with nitrogen (N> 0.19 %). N-alloying 
strongly improves resistance to pitting corrosion and increases yield strength 
(Rp0.2 = 500 MPa). Nitrogen is also an austenitic promoter, interstitial element 
that is of particular importance when welding duplex steels. 

For welding duplex steels in industry is tungsten electrode (TIG) welding is 
widely applied. Generally speaking, the use of appropriate filler material and / 
or nitrogen-containing (argon-based) shielding gas is essential for TIG welding 
of duplex steels. The diatomic N2 in the argon shielding gas mixture dissociates 
in the arc plasma to atomic nitrogen (N), which dissolves in the molten pool 
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[9]. The dissolved N in the weld metal can exert its austenite-forming function 
as a function of the cooling time (heat input). In case of low heat input welding 
processes (such as laser beam welding), the weld metal and the heat affected 
zone remains almost completely ferritic [10, 11], which can lead to a reduction 
in toughness and Cr2N precipitation. In the case of higher heat input process 
the longer cooling time allows N to exert its austenitic-forming, strength and 
corrosion resistance enhancing effect. However, the relationship between the 
N2 content of the shielding gas, the dissolved N content of the weld metal and 
the austenite content is not always comprehended. 

Başyiğit et al. [12] used various N2-containing shielding gases for TIG weld-
ing of duplex steel 2205. According to their measurements, the average aus-
tenitic content of the weld metal decreased by 1.4 % when using a shielding 
gas containing 3 % N2, compared to welding with 1 % N2 shielding gas. With 
shielding gases containing 6 % and 9 % N2, the austenite content of the weld 
metal has increased to over 60 %. Higher N2-containing shielding gas (up to 
20 % N2) was used by Westin et al. According to their measurements, the aus-
tenite content of the weld metal was reduced by ~2 % when using a shielding 
gas containing 10 % N2 compared to welding with a shielding gas of 5 % N2. 
Pamuk et al. [14] used N2-containing shielding gas for TIG welding of 2205 
duplex steel. The austenite content of the root side was reduced in the case of 
gas protection containing 10 % and 15 % N2 compared to the result of welding 
with Ar + 5 % N2 gas shielding gas. In order to demonstrate the contradictory 
effects of N2 mixed argon shielding gases the following representation is col-
lected for the case of TIG welding of different duplex materials, using Ar + 5 % 
N2 shielding gas. 

Westin [13] has found that, the austenite content increased to 62 % in the 
weld metal, using shielding gas containing 5% N2. Igual Muñoz et al. [15] 
measured 82 % austenite content in the weld metal by TIG welding of 2205 
base materials with 5 % N2 gas shielding. Migiakis et al. [16] measured 73-83 % 
austenitic content in the weld metal, depending on the type of filler materials, 
when welding UNS S32760 duplex steel. Reyes-Hernández et al. [17] measured 
73 % austenite content in the weld metal with using 5 % N2 gas protection for 
2205 duplex steel welding. Bhatt et al. [18] measured 65 % austenite content 
in the weld metal of U-50 (~ 22Cr-7Ni-3Mo) duplex stainless steel, using 5 % N2 
gas protection. 

Summarizing the effects of the nitrogen as a shielding gas, it can be said 
that its austenite-promoting effect is hihgly depends on the interaction of 
complex processes of arc welding. 
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OBJECTIVES 
In order to clarify the effects of argon mixed nitrogen shielding gas, I decon-
structed the complex arc welding process into its elements and investigated 
the effects of each element on the formed austenite content, individually. The 
evaluation of each process is based on the austenite-forming effect of nitrogen 
(N) initially dissolved in the base material and the diatomic nitrogen (N2) mixed 
in the shielding gas during TIG welding. 
• My goal was to show the qualitative and quantitative effects of initially 

dissolved N in the base material and N2 mixed to the shielding gas on the 
austenite and nitrogen content of the heat affected zone and the weld 
metal. 

• I aimed to investigate the effect of the dissolved N and the cooling time 
associated with arc energy, on the austenitic content of heat affected 
zone. 

• In the case of weld metal, my goal was to determine the amount of nitro-
gen reduction as a function of arc energy in TIG welding, using Ar shield-
ing gas and no filler metal. 

• My aim was also to develop a model for determining the effect of N2 
mixed with shielding gas on the total dissolved N content of the weld 
metal as a function of heat input.  

THE USED BASE MATERIALS AND THE STRUCTURE OF THE RE-
SEARCH WORK 
For the welding experiments the industrially most widely used standard duplex 
stainless steel X2CrNiMoN22-5-3 (2205) and two new types of lean duplex 
stainless steel X2CrMnNiN21-5-1 (2101) and X2CrNiMnMoCuN24-4-3-2 were 
chosen. The structure of the research work is as follows. 

In order to determine the austenite content, it is essential to develop a 
suitable method to measure the austenite content of the base material, the 
heat affected zone and the weld metal, based on metallographic examination. 
For the austenite content measurement with image analysis software, I de-
termined an optimum etching cycle using Beraha-II (85 mL HCl + 15 mL H2O + 1 
g K2S2O5) etchant.  

In order to investigate the effect of N dissolved in the base material and 
the effect of cooling time on the austenite content of the heat affect zone, 
samples were made with Gleeble thermomechanical simulator and TIG weld-
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ing without filler material (142). Based on the results, I have established a 
relationship that can be used to determine the amount of austenite phase 
formed in the heat affected zone as a function of cooling time. 

During the investigation of the weld metal, I made welded samples, using 
different N2-containing (0-50%) Ar-based shielding gases, with the welding 
procedure of 142. Based on the results I have constructed a model to deter-
mine the dissolved nitrogen content of the weld metal after solidification. 

As a next step, the total dissolved N content and austenite content of the 
weld metal of autogenous TIG welded samples with Ar shielding gas were 
investigated as a function of arc energy. The purpose was to determine the 
relationship between the nitrogen reduction in the weld metal and the applied 
arc energy. 

RESULTS OF THE RESEARCH WORK 
Determination of austenite content by metallographic method 

Fort he determination of austenite content, the image analysis method can be 
used, however special care should be taken ont he contrast level between the 
ferritic and austenitic phases while applying chemical etching with Beraha-II 
etchant. 

I have determined the etching cycles for all the investigated material 
grades, which gives the highest contrast between the austenite and ferrite 
phases. Tthe austenite content was measured by image analysis software on 
these samples. The value of the austenite content thus obtained was validated 
by ferritescope (see Figure 1), backscattered electron diffraction, and manual 
point count (according to ASTM E562-1) methods. 

 

Figure 1. The results of 
austenite content meas-

ured with image analysis, 
after optimal ethcing cycle  
(ARKépel), compared to the 

austenite contents 
 measured by ferritescope 

(ARFerit). 
 



Balázs Varbai Theses 

5 

In order to evaluate the validation process of the etching cycles, I intro-
duced a unitless number DoU (degree of usability), which is specific to the 
result of a ferritoscopic measurement and shows an exponential relationship 
with the contrast value (ΔG) between the two phases (see Figure 2).  

 
Figure 2. The DoU (degree of usability) number as a function of ΔG contrast 

levels, using Beraha-II type etchant. 

Summarizing the results of the validation, I concluded that the highest con-
trast contrast resulting etching cycle can be considered as optimal for the de-
termination of austenite content with the image analysis software. Based on 
these results, I have written my 1st thesis. 

Investigation of the heat affected zone 

For the investigation of the austenite and nitrogen content of the heat affect-
ed zone, I used Gleeble thermomechanical simulator (for grade 2205, see Fig-
ure 3) and TIG-welding (for all three examined material grades). With the 
Gleeble thermomechanical simulator it is possible to study wider heat input 
ranges than TIG-welding and the heat input can be programmed. 

During the Gleeble simulation, the specimens were heated to a peak tem-
perature of 1350 °C (purely ferritic range) under 10 s, where they were kept in 
argon shielding for 1 s. In order to investigate the different critical cooling 
times between 1200 and 800 °C (Δt12/8), the samples were cooled with water 
or blown air after the heating cycle. 

In the case of the autogenous TIG-welding without consumables, the Δt12/8 

was measured with thermocouples and a thermal imaging camera. 
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Figure 3. The Gleeble physical simulator setup a)  

and the schematic representation of the applied thermal cycle b). 

As a result, I have found that the Δt12/8 cooling time (related to the heat in-
put) has the greatest effect on the austenite content of the heat affected zone 
(see Figure 4). The total dissolved nitrogen content does not change signifi-
cantly during solid state reheating. For the estimation of the austenite content 
of the heat affected zone, I have determined the constants of the Johnson–
Mehl–Avrami–Kolmogorov equation for a non-isothermal state, which can be 
used to calculate the austenite content of the heat effect zone for 2205 mate-
rials. 

 
Figure 4. The fitted JMAK equation for the determination of the austenite con-
tent of the heat affected zone beased on own and ref. [19] results for duplex 

stainless steel grade 2205. 

Based on these results I have written my 2nd and 3rd thesis. 
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Investigation of the weld metal in case of TIG welding with argon + nitrogen 
shielding gas 

For the investigation of the austenite and nitrogen content of the weld 
metal, autogenous TIG-welding with two different arc energies (0.53 and 
0.68 kJ/mm) and argon + 0-50 % nitrogen gas shielding were appliead for all 
the investigated three material grades. 

In order to calculate the dissolved nitrogen content in the weld metal, I cre-
ated an improved model, based on previous models, which schematic illustra-
tion is shown in Figure 5. 

 
Figure 5. Schematic illustration of the nitrogen absorption: (a,c), and desorp-

tion: (b,d) during autogenous tungsten inert gas (TIG) welding of DSS. 

The improved model gives the expected nitrogen content of the weld metal 
with a smaller difference (<10 %) than previous models. A comparison of the 
existing models for one case (2205 material grade and 0.68 kJ/mm arc energy) 
is shown in Figure 6. 

 
Figure 6. The comparison of my improved model and the previous models  

[9, 20, 21] for the calculation of weld metal nitrogen content. 
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I have supplemented the improved model with an own parameter, which 
takes the initial nitrogen and chromium content of the base material into at-
tention. The parameter-supplemented model gives the expected nitrogen 
content of the weld metal with less then 5 % difference (for all the investigated 
cases) for autogenous TIG-welding using argon + nitrogen shielding gas (see 
Figure 7. for material grade 2205) 

 
Figure 7. The weld metal nitrogen contents calculated by the parameter-

supplemented and improved model (NWM,par),  
compared to the measured (NWM) values. 

Based on these results I have written my 4th and 5th thesis. 

Investigation of the weld metal in case of TIG welding with argon shielding gas 

The improved model supplemented with an own parameter gives an adequate 
calculation for the nitrogen shielding gases. Therefore, for a wider arc energy 
range (0.25-2.95 kJ/mm), the extent of nitrogen reduction in the weld metal 
was investigated in the case of autogenous TIG welding with using argon 
shielding gas. I have determined the parameters of an equation which, given 
the nitrogen content of the base material and the solidification time, gives the 
percentage reduction in the nitrogen content of the weld metal compared to 
the nitrogen content of the base material. The defined equation gives a better 
approximation than the previous models and can be applied to a variety of 
duplex stainless steel grades (see Figure 8). 
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Figure 8. Comparison of the relative reduction in nitrogen content of the weld-

ed metal, calculated according to the defined equation, supplemented with 
literature data [22, 23]. 

In addition, I also defined that, contrary to the change in the austenite con-
tent of the heat affected zone, the increasing arc energy values in the weld 
metal result in a decrease in the austenite content (see Fig. 9 for 2205 base 
material). The main reason for this is the decrease in dissolved nitrogen con-
tent of the weld metal with increasing arc energy. Based on these results I 
have written my 6th and 7th thesis. 

 

Figure 9. The change of the aus-
tenite content in the heat affected 

zone and in the weld metal as a 
function of the Δt12/8 cooling time 

for 2205 grade. For the other 
material grades the relationships 
can be found in the dissertation. 
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THESES 

THESIS 1 
I have developed a new etching method for the determination of austenite 
content by image analysis software on the metallographic specimens of gas 
tungsten arc welded welds of duplex stainless steels. When using Beraha-II 
etching agent (85 mL H2O + 15 mL HCl + 1 g K2S2O5), the following etching cy-
cles provide the highest contrast between the delta ferrite and austenite 
phases: 

 2 x 12 s for steel X2CrNiMoN22-5-3 (1.4462), 
 1 × 24 s for steel X2CrMnNiN21-5-1 (1.4162), 
 2 × 6 s for X2CrNiMnMoCuN24-4-3-2 (1.4662) duplex stainless steel 

grades. 
In the case of multiple etching, the two etching steps must be performed se-
quentially immediately after each other, with ethanol washing in-between the 
etching steps. 

The results of image analysis software, obtained with the highest con-
trast were validated by magnetic measurement based ferritescope measure-
ment, manual point count method according to ASTM E562-11 and electron 
backscatter diffraction (EBSD) measurement. 

Based on the results of the validation, the highest contrast etching cy-
cle is considered to be optimal for the determination of austenite content by 
image analysis software. 

Related publications: 
[S1] [S2] [S3] [S4] [S5] [S6] 

THESIS 2 
When welding of duplex steel X2CrNiMoN22-5-3 (1.4462), the measured nitro-
gen content in the heat zone does not change substantially, the critical Δt12/8 

cooling time having the greatest effect on the austenitic content of the heat 
affected zone. 

Related publications: 
[S1] [S6] 
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THESIS 3 

For the welding of X2CrNiMoN22-5-3 (1.4462) duplex stainles steel, the follow-
ing Johnson-Mehl-Avrami-Kolmogorov equation, written for a non-isothermal 
state, can be used to estimate the austenitic content (γHAZ (%)) in the heat 
affected zone: 

)))(exp(1(100 8/12
n

HAZ tk ∆⋅−⋅=γ (%)  

where the process rate constant is k = -0.17 and the Avrami exponent n = 0.5. 

Related publications: 
[S1] [S6] 

THESIS 4 

I have developed a model (based on equations 6.1 to 6.27) that gives a better 
accuracy of the expected nitro-gen content (NWM) of the weld metal than 
previous mo-dels. The model is valid for duplex steel grades X2CrNiMoN22-5-3 
(1.4462), X2CrMnNiN21-5-1 (1.4162) and X2CrNiMnMoCuN24-4-3-2 (1.4662), 
in case of autogenous gas tungsten arc welding, using argon + 0-50 % nitrogen 
shileding gas, in the 0.53 and 0.68 kJ/mm arc energy range. 

The model can be found in the dissertation on the pages of 42.-47., with the 
same numebring system. 

Equation Unit Numbering in 
the dissertation 
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Equation Unit Numbering in 
the dissertation 
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Related publications: 
[S1] [S4] [S7] [S8] 
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THESIS 5 
I introduced a parameter based on the initial nitrogen and chromium content 
of the base material (NWM,par), by which the model developed to predict the 
expected nitrogen content of the weld metal (NWM, Thesis 4) gives the weld 
metal nitrogen content with less than 5 % error, compared to the actual meas-
ured nitrogen content. 
 
The parameter I introduced: 






 −

++=
50

22
10,

CrNNN WMparWM
 (%) 

where NWM is the nitrogen content of the weld metal according to the newly 
developed model (Thesis 4), N and Cr are the initial nitrogen and chromium 
contents of the base material, respectively. All quantities are interpreted as 
percentages. The model with the NWM,par parameter is valid for duplex steel 
grades X2CrNiMoN22-5-3 (1.4462), X2CrMnNiN21-5-1 (1.4162) and 
X2CrNiMnMoCuN24-4-3-2 (1.4662), in case of autogenous gas tungsten arc 
welding, using argon + 0-50% nitrogen shileding gas, in the 0.53 and 0.68 
kJ/mm arc energy range. 

Related publications: 
[S8] [S9] 

THESIS 6 
I determined the parameters of an equation, which is dependent on the base 
materials initial nitrogen content (N) and gives the expected loss of nitrogen in 
the weld metal (ΔNWM), as a function of the solidification time (St), for duplex 
stainless steel grades X2CrNiMoN22-5-3 (1.4462), X2CrMnNiN21-5-1 (1.4162) 
and X2CrNiMnMoCuN24-4-3-2 (1.4662), in case of autogenous gas tungsten 
arc welding, using argon shielding gas. The parameters of the equation are: 

tWM SNNN ⋅⋅+−⋅−=∆ 5,1684,231,1134,17  (%) 

where St is the solidification time in seconds and N is the base materials initial 
nitrogen content in percentages. 

Related publications: 
[S1] [S6] 
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THESIS 7 
In case of autogenous gas tungsten arc welding of duplex stainless steel grades 
X2CrNiMo22-5-3 (1.4462), X2CrMnNiN21-5-1 (1.4162) and 
X2CrNiMnMoCuN24-4-3-2 (1.4662), using argon shielding gas, the increasing 
arc energy causes the austenite content of the weld metal to decrease, mainly 
due to the decreasing nitrogen content in the weld metal with the increasing 
arc energy, on the contrary to the increasing austenite content in the heat 
affected zone with the increasing arc energy. 

Related publications: 
[S1] [S6] 
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