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Abstract: Friction stir welding is a manufacturing process with several positive outputs 
for duplex stainless steel joints, such as improved mechanical resistance and maintenance 
of optimal phase fraction. Duplex steels are vastly used in naval and petrochemical 
operations, being commonly manufactured and joined via welding processes. Thus, there 
is high demand for straightforward methods of thermal evaluation of friction stir welded 
joints. In this sense, numerical models are a practical tool for assessing the joints’ welding 
condition. This work focused on the development and application of a more complete 
coupled numerical model for friction stir welding of UNS S32205 plates in order to 
correlate processing conditions with microstructure evolution. A peak temperature of 
1213 ºC at the joint’s central line was observed. Distributions of temperature and material 
flow through the joint cross-section indicate that a more intense material flow at retreating 
side favors coarser grain size. Simulation results indicated that the strain rate plays a more 
intense effect in microstructure development compared to the welding peak temperatures. 
The coupled numerical model was additionally used to obtain temperature profile of the 
tool, which was thermally stable even after standing temperature values greater than 
1200ºC. Even after 18 cm of welding procedure, deterioration of tool was not observed, 
leading to sound welded joints. 

Keywords: Friction Stir Welding; UNS S32205; Coupled Thermal Flow Model; 
Computational Fluid Dynamics; Material Flow; Tool Temperature Analysis. 

 

1. INTRODUCTION 

Duplex stainless steels (DSS’s) are often employed in high demanding structural 
components, which are frequently required due to their longstanding high corrosion 
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resistance and mechanical properties even after the imposition of welding procedures. 
Offshore components and petrochemical equipment are one of the various applications of 
these materials [1–3]. Diverse utilization of duplex stainless steels is enabled by the 
microstructure of these materials, which are composed by ferrite and austenite in similar 
fractions, without any secondary phases. Thus, as many of the DSS’s applications occur 
in industrial sectors that entails large components, the use of welding processes becomes 
of great importance for manufacturing/welding/joining duplex stainless steels [1, 4]. 

Any welding process promotes microstructural changes in the processed regions and its 
surroundings. In some materials, the thermal cycles resulting from the welding processes 
can promote microstructural changes, which induces detrimental phases in the welded 
joint. DSS’s are examples of materials that require prudent control of the thermal cycle 
applied during welding.  The DSS’s chemical composition, with its high content of 
alloying elements, makes these steels prone to formation of several secondary phases at 
temperatures above 300 ºC. Moreover, there is the propension to alter the balance between 
the volumetric fractions of austenite and ferrite during the exposure of DSS’s to high 
temperatures [4, 5]. Not only isothermal heat exposure of DSS’s can be harmful to its 
properties, but applied cooling cycles can also stimulate the development of deleterious 
microstructures. When subjected to low cooling rates, DSS’s tend to show precipitation 
of many secondary phases, which have negative effects on the mechanical properties and, 
mainly, on the corrosion resistance of these steels [5–8]. In addition to the formation of 
deleterious phases, another consequence of rapid cooling after welding is the excessive 
formation of ferrite. 

DSS’s, in general, present purely ferritic solidification mode, with austenite formation 
occurring by a solid-state phase transformation controlled by diffusion, in an equilibrium 
approach. Due to the diffusion-controlled nature of austenite formation, for the formation 
of reasonable amount of austenite, it is necessary that the cooling cycles applied in these 
steels promote the maintenance of temperatures ranging from 1000 to 1300 ° C. These 
same results can be obtained by the addition of austenite stabilizing elements such as Ni, 
Mn and Co. Maintaining the balance of the austenite and ferrite is essential for DSS’s 
optimum corrosion resistance and mechanical characteristics. Not only sudden cooling is 
undesirable during DSS’s welding, but also slow cooling can bring unsatisfactory 
material’s performance. When slowly cooled, or isothermally exposed between 650 – 
1000 °C, DSS’s tend to form σ and χ intermetallic phases. These phases are rich in ferrite 
stabilizer elements - mainly Cr and Mo - and their formation results in a depletion of the 
Cr content in their surroundings [6, 7]. This depletion of Cr during the formation of these 
intermetallics tends to facilitate the development of a Cr-lean austenitic phase with poor 
corrosion resistance [8]. Thus, the formation and presence σ and χ phases has a significant 
impact on the corrosion resistance and impact toughness of DSS’s, even when these 
phases are present in low volumetric fractions [9–11]. 

The propensity of duplex stainless steels to form undesirable microstructures when 
welded has inspired several studies dealing with the application of different processes, 
consumables and welding parameters, for the most diverse compositions of DSS’s [4, 12]. 
Among the welding processes applied to join DSS’s, friction stir welding (FSW) has been 
the subject of several studies with promising results [13–17]. In part because it is a solid-
state welding process, developed by The Welding Institute in 1991 [18], but also because 
it presents lower peak temperature values and higher cooling rate when compared to with 
fusion welding. Initially, this process was developed for welding light alloys with low 
melting temperature - such as Aluminum. Subsequently it came to be perceived as a 
promising process for application in some other high melting point alloys, allowing to 
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obtain joints with excellent mechanical performance [19, 20]. Despite the aforementioned 
advantages, FSW also has limitations. For example, there is a need to use tools made out 
of refractory materials, with high cost and low durability [20, 21]. Furthermore, it requires 
the use of welding systems with the capacity to handle high forging forces, advancing 
forces and torque stability [19], although several tools solutions have been implemented 
and better results with more appropriate cost has been achieved [21]. For DSS’s, FSW 
shows itself as a process that prevents excessive formation of ferrite, in addition to 
avoiding typical problems of fusion-based welding. Generally, FSW is applied to DSS’s 
within the austenite + ferrite transformation temperature range, so that the welded joint is 
not configured as a purely ferritic microstructure and the maintenance of optimum 
austenite content is favored. Peak temperatures and controlled thermal inputs of FSW also 
favor a cooling cycle that prevents the formation of intermetallic phases, carbides and 
nitrides, thus allowing to obtain joints with the absence or, at least, a limited fraction of 
secondary phases. The application of FSW in DSS’s has already shown the potential to 
obtain joints with mechanical performances and corrosion resistance superior to those of 
the respective base metals [9, 14, 16, 17].  

Parameterization of welding processes, such as FSW for DSS’s, has a significant cost due 
to the brief service life of the welding tools and low purchase volume when compared 
with FSW tools used to aluminum alloys [20]. Given this scenario, computational 
modeling proves to be a very useful tool to assist the development and study of 
appropriate process parameters [22–26]. The formation of heat during FSW occurs with 
concomitant contributions from the friction between tool and workpiece and due to the 
plastic deformation of the material around the tool [24, 27–29]. This characteristic has 
significant effects on FSW joints, which are possible to be observed in the microstructural 
development of welded joints. In the interest of considered factors, a pure thermal model 
may not provide a reliable description of the thermal history experienced by a material 
processed by FSW [30]. Additionally, the numerical models based on solid mechanics, 
which work with workpiece’s thermophysical and elastoplastic properties, require the 
coupling of a large number of experimental data describing the various active phenomena 
and demand for collecting sets of specific thermodynamical parameters[31, 32]. A more 
suitable numerical fashion for dealing with DSS’s are the computational fluid mechanics 
model associated with a thermal model. These two approaches combined are able to 
provide thermal cycle information and flow of visco-plastic behavior for the DSS’s, 
which are crucial information for microstructure development within the workpiece [13, 
20, 22]. 

Previous work on FSW of DSS’s have analyzed the microstructural development [33], 
mechanical performance [34], corrosion resistance [9, 35], formation of intermetallic 
phases during thermal exposition after welding application [36] and abrasion resistance 
of joints [37]. These works, as well as so many others in the literature, showed that FSW 
is a welding process with great potential for application in DSS’s [13, 30, 33, 36, 38–44]. 
Both FSW computational modeling and DSS’s physical metallurgy are topics that present 
significant complexity and technical importance in the field of engineering and industrial 
application. Thus, the present work proposes the development of a more complete 
coupled computational flow model associated with experimental thermal data acquisition, 
providing a different numerical fashion, in which the thermomechanical and 
thermophysical properties affects the heat generated at the welded joint. to describe the 
temperature fields and material flow during FSW of DSS’s. In addition, the correlation 
between the microstructure and thermal conditions is performed, in order to elucidate 
factors with a predominant effect on the microstructural development of the welded joints.  
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2.  MATERIALS AND METHODS 

 

2.1. Materials 

The material used for this study were two plates with a thickness of 10 mm UNS S32205 
duplex stainless steel. The chemical composition of the base material is detailed in Table 
1. 

 

Table 1 Chemical composition of UNS S32205 duplex stainless steel (% weight) 

UNS (𝐂𝐫𝐞𝐪/𝐍𝐢𝐞𝐪) C P S N Cr Ni Mo Si Mn 

S32205 2,72 0,02 0,030 0,001 0,16 22,5 5,40 2,80 0,30 1,80 

 

The UNS S32205 microstructure consists of nearly the same amount of austenite and 
ferrite (≈50%).  

 

2.2.  Welding procedure 

The welding procedure was performed to join two UNS S32205 plates with a single 
welding pass in a butt joint configuration. The final dimension of the welded joint was of 
350 ´ 150 ´ 10 mm. A Transformation Technologies RM-1a system was used, operating 
with the following parameters: a downward force of 37 kN along the welding line, a 
traverse speed of 100 mm.min-1 and a rotational speed of 200 rev.min-1. Fig. 1 presents a 
schematic of the experimental setup.  

 

 

Fig. 1 Illustration of the FSW process showing its main features: tool design and workpiece 

 

A 40% pcBN in a W-Re matrix welding tool (Q60) was used, presenting a 25 mm 
diameter shoulder and an 8 mm diameter pin, with a conical pin length of 6,0 mm. An 
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illustration of the welding tool, which was supplied by Mazak MegaStir, can be seen in 
Fig. 2.  

 

 

Fig. 2 Illustration for the FSW simplified tool with its dimensions 

 

Type K thermocouples were placed along the welding line. The thermocouples were 
positioned aiming to acquire temperature values and provide information about the 
thermal cycle experienced in the advancing side (AS) and retreating side (RS). Fig. 3 
details this experimental setup. 
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Fig. 3 Experimental setup for the FSW joint 

2.3. Computational Modelling 

Computational modelling of the FSW process was carried out using a commercial finite 
element analysis (FEA) software with a heat transfer module coupled with a 
computational fluid dynamics (CDF) module – from Comsol® Multiphysics v5.6. The 
two steel plates were modelled to be a single body composition, being a domain of it 
considered as a high viscosity non-newtonian fluid. An example of the fluid domain in 
depicted in Fig. 4. 

 

 

Fig. 4 Geometry of the numerical model for the FSW of UNS S32205 

 

The thermal energy conservation equation is given by the following Eq.1 [24]:  
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𝜌𝐶𝑃𝜕𝑇𝜕𝑡 = 𝑄𝑠𝑢𝑟𝑓. + 𝑄𝑉𝐷 + 𝛻(𝑘𝛻𝑇) − 𝑢𝑤𝑒𝑙𝑑𝜌𝐶𝑃𝛻𝑇 
Eq. 1 

𝑄𝑠𝑢𝑟𝑓. is the tool surface heat contribution, 𝑄𝑉𝐷 is the thermal contribution due to the 

viscous dissipation of the fluid, 𝑢𝑤𝑒𝑙𝑑 is the welding velocity, 𝜌 is the material density, 𝐶𝑝 is the material’s heat capacity at constant pressure. As for the heat produced by the 

FSW tool, 𝑄𝑡𝑜𝑜𝑙 is described by Eq. 2: 

𝑄𝑡𝑜𝑜𝑙 = {(1 − 𝑓𝑝𝑖𝑛)𝜔𝑟(𝑢𝑤𝑒𝑙𝑑 − sin(𝜃))[𝜇𝜏𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 + 𝛿𝜏𝑠ℎ𝑒𝑎𝑟(𝑇)] + (𝑓𝑝𝑖𝑛𝑃𝑎𝑣𝑔𝑉𝑝𝑖𝑛 )} 𝜂 
Eq. 2 

𝜂 is the mechanical efficiency, given as being around 70% [45]. This value of thermal 
efficiency was calculated in previous works [46, 47] and is lower when the workpiece is 
steel rather than for aluminum alloys, since the thermal conductivity of steel is smaller 
than that of aluminum [45]. 𝑓𝑝𝑖𝑛 is considered to be around 17 to 20% according to 

Colegrove and Shercliff. [48], 𝑃𝑎𝑣𝑔 is the average power during the FSW processing, 

measured as 2415 kW, and 𝜔 is the tool rotational speed. The total heat generation is 
partitioned between tool and workpiece by the following boundary condition in Eq. 3 
[49]. 

𝑄𝑠𝑢𝑟𝑓 = ( 𝐽𝑊𝐽𝑊 + 𝐽𝑇)𝑄𝑡𝑜𝑜𝑙  Eq. 3 

In which 𝐽𝑊 and 𝐽𝑇 are, respectively, the workpiece and tool thermal effusivity, which 
disperses the heat along the welded joint, being analytically defined as in Eq. 4 

𝐽 = √𝑘𝜌𝑐𝑝 
Eq. 4 

This analytical expression is based on a steady-state one-dimensional heat transfer from 
a point heat source located at the interface of a dissimilar material and was used in other 
works [24, 27, 28, 50, 51]. 𝑆𝑉𝐷 is the volumetric contribution when considering the workpiece as being a high-
viscosity fluid, described by the following Eq. 5: 

𝑄𝑉𝐷 = 𝛽𝜇𝑉𝐷𝜑 Eq. 5 𝛽 is the material fluid contribution, 𝜇𝑉𝐷 is the material’s dynamic viscosity defined as in 
Eq. 6:  

𝜇𝑉𝐷 = σp/3𝜀 ̇
Eq. 6 

In which, 𝜎𝑃 is the critical stress and 𝜀̇ is the critical strain rate. These properties are both 
defined by the following Eq. 7 - 9. 

𝜀̇ = 𝐴[𝑠𝑖𝑛ℎ(𝛼𝜎𝑃)]𝑛𝑒𝑥𝑝(−𝑄/𝑅𝑇) Eq. 7 
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𝜎𝑃 = 1𝛼 𝑠𝑖𝑛ℎ−1[(Z/A)1/𝑛] Eq. 8 

𝑍 = 𝜀̇𝑒𝑥𝑝(𝑄/𝑅𝑇) Eq. 9 

Z is the Zenner-Hollomon parameter. R is the gas constant (8.314 J mol-1 K-1), 𝑄 is the 
UNS S32205’s activation energy, which is 432 kJ mol-1 [22]. Farnoush et al. [22] 
experimentally defined the material’s thermomechanical properties A, α, n, respectively 
as 2×1016 s-1, 1.2×10-2 MPa-1 and 4.2.  is defined as in Eq. 10: 

𝜑 = 2∑ (𝜕𝑢𝑖𝜕𝑥𝑖)2 + (𝜕𝑢1𝜕𝑥2 + 𝜕𝑢2𝜕𝑥1)23𝑖=1 + (𝜕𝑢3𝜕𝑥2 + 𝜕𝑢2𝜕𝑥3)2 + (𝜕𝑢3𝜕𝑥1 + 𝜕𝑢1𝜕𝑥3)2 
Eq. 10 

All these considerations were implemented in the numerical model. The coupled 
numerical model was processed as a module of Comsol® non-isothermal flow, in which 
the workpiece flows along a non-uniform temperature field. This specific numerical 
module accounts for the materials properties, such as density, viscosity, and specific heat 
shifts accordingly, as the FSW process promotes transport of a heated portion of material, 
herein considered as a high-viscosity fluid. Convection and radiation losses were 
considered via the following general equation defined as in Eq. 11: 

𝑄𝑙𝑜𝑠𝑠 = ℎ(𝑇𝑎𝑚𝑏 − 𝑇) + 𝜎𝜖(𝑇𝑎𝑚𝑏4 − 𝑇4) Eq. 11 

In which ℎ is a general convective coefficient (40 W m-1 K-1), 𝜎 is the Stefan-Boltzmann 
constant (5.66697×10-8 W m-2 K-4) and 𝜖 is the material’s emissivity (0.7). The backing 
plate is not geometrically included in the numerical model to limit the number of the 
enmeshed geometries and, consequently, save computational resources. The backing 
plate thermal influence is considered due to a proper equivalent heat transfer coefficient, 
herein called ℎ𝑏 = 1000 W m-1 K-1. 

In the current approach, thermophysical data of UNS S32205 was extracted from 
JMatPro® Software, and was implemented in the numerical model. The UNS S32205 
yield shear stress (𝜏𝑠ℎ𝑒𝑎𝑟), heat capacity at constant pressure, density, thermal 
conductivity, Young’s modulus and Poisson’s ratio were all considered to be thermal 
dependent, present in Fig. 5, and were feed into the model in order to increase numerical 
accuracy. 
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Fig 5 Thermophysical and mechanical properties of UNS S32205 

 

3. RESULTS AND DISCUSSION 

In the following sections, it was evaluated the temperature evolution as experimentally 
determined and numerically simulated. Additionally, correlations between the thermal 
field experienced by the material and the microstructure development for the UNS 
S32205 duplex stainless are presented.  

3.1. UNS S32205 Thermal Data  

The simulation process provided a deeper perception of temperature distribution along 
the welding line. For example, in Fig. 6, it can be perceived that the simulated 
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temperatures for the joint, around the tool’s shoulder region might achieve temperatures 
above 1000ºC.  

 

 

Fig. 6 Volumetric temperature distribution during the FSW process 

 

By comparing both numerical model and experimental results, a valuable agreement 
between both data sets was found. The highest temperature recorded using the 
experimental setup with the infrared camera is 1061ºC, as depicted in Fig. 7-a). However, 
the infrared camera is only capable of register the visible portion of the trailing side of 
the joint, which is not necessarily the hottest part of the joint. The numerical model 
registered an overall maximum temperature of 1213ºC in Fig. 7-b). Further analyses 
provided that this value can be found within the trailing side of the joint, in the region 
next to the processing hole created by the tool (refer to Fig. 8). 

 

 

Fig. 7 Numerical and experimental comparison: a) thermal camera measurements and b) numerical data 
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This finding is in agreement with previous works [13, 25, 52], which explain that 
maximum temperature for FSW of high melting point alloys may reach values greater 
than 1200ºC. Matsushita et al. found that for the stirred zone of thick structural A36 steel 
FSW joint the temperature may reach up to 1300ºC in the welding center line, next to the 
tool region [25]. At the central line region, next to tool interface, this temperature value 
is difficult to be experimentally measured due to the physical presence of the tool and its 
shearing action towards the thermocouple, which interferes in obtaining an actual 
temperature assessment. Manvatkar et al. found that for higher rotational speeds, the peak 
temperature along the welding line increases from 830ºC up to 1030ºC when rising from 
400 rpm to 800 rpm, respectively [52], does showing the significant impact of the process 
parameters on the thermal cycle experienced by the material. This conclusion is drawn 
towards the change in heat input provided by the tool, according to Eq. 12 

𝐻𝐼 = ( 2𝜋𝑇𝜔1000𝑢𝑤𝑒𝑙𝑑) 𝜂 
Eq. 12 

In which 𝐻𝐼 is the heat input, 𝑇 is the torque provided by the FSW machine, 𝜔 is the 
rotational speed, 𝑢𝑤𝑒𝑙𝑑 is the welding or processing speed and 𝜂 is the mechanical 
efficiency of the FSW process. Giorjão et al. obtained a peak temperature value of 1176 
ºC, measured around the shoulder domain, when simulating FSW of UNS S32750 pipes 
[13]. It is then confirmed that the central line of the joint is processed with the maximum 
temperatures of the manufacturing process. This result, however, were obtained following 
a different numerical approach. Giorjão et al. used a thermal-pseudo mechanical model 
(TPM), in which the heat generated at the tool region is dependent from variations of the 
yielding stress [13]. Previously, other authors [26, 38, 53] have used similar numerical 
models to obtain temperature values. Nonetheless, this approach does not take strain rate 
values and viscous contribution into consideration, which may contribute to estimation 
of lower temperature values for the welding joint [53]. 

 

 

Fig. 8 Thermal contours distribution for welding central line 

 

Fig. 8 shows the exact location (displayed by the red point value) of simulated maximum 
temperature value of 1212ºC in the joint central line. This value is greater than previously 
predicted by Santos et al. working with the same steel [38]. Some numerical comparison 
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can be made regarding previous modelling approaches [13, 38], as the heat source is 
treated as a TPM in the former works, being mainly influenced by the material yield shear 
stress (𝜏𝑦𝑖𝑒𝑙𝑑). As found by Schmidt and Hattel, the TPM accounts for a localized heat 

source and this approach does not contemplate fluctuations of material’s thermophysical 
properties [26]. As previously mentioned in this work, the heat source is considered to 
have both friction and viscous contributions, as this approach is considered to be more 
complete and better reflects the experimental setup and thermophysical phenomena 
within the FSW process. From Fig. 8 it can be observed that isothermal contours are 
concentrated within the area next to the heat source and become sparser, reflecting the 
thermodynamical aspects of this welding process. Arafat, Badour and, Merah [30] have 
approached similar thermal modelling efforts suggesting that the heat source should have 
a contribution of a Gaussian moving circular nature. This proposal combines the 
characteristics of both welding numerical approach, the traditional approach of the 
Gaussian model for the arc welding with the addition of sliding/sticking proposition for 
the FSW. 

In the peripheral regions of the joint, temperatures reach lower values when compared to 
the welding central line. The temperature gradients and cooling rates are as high as 200 
ºC/mm and 40ºC/s, respectively [13]. As can be seen from Fig. 8, temperatures range 
from 900ºC to 600ºC occur in a few millimeters due to significant temperature gradient, 
which is being shown to vary from 1.105 K/m underneath the pin up to 6.105 K/m below 
the shoulder leading side, as detailed in Fig. 9. 

 

 

Fig 9 Temperature gradients of the welding central line 

 

This fact is directly associated with the pin’s size and geometry, in which processing 
temperatures are not similar along the tool profile, generating distinct thermal cycles and 
leading to particular microstructures with unique mechanical properties [13]. The 
microstructural particularities and its temperature correlations are made in the next 
section of this work. 

Since most of the heat is generated at the shoulder/workpiece interface, the workpiece 
temperature decreases from the tool shoulder region to the probe tip, reaching 1213ºC 
around the shoulder region and 800ºC at the pin’s tip. It is also observed that the 
workpiece temperature below the leading side of the welding tool is lower than under the 



13 
 

tool trailing side because of welding tool movement.  This can be noted in Fig. 10, in 
which the workpiece achieves temperatures above 900ºC in the trailing region. 

 

Fig. 10 Welding central line plane: a) Planar temperature distribution and b) Zoomed part for detail of 
maximum temperature 

 

Thermal cycles for the joint can be observed in Fig. 11. Temperature acquisition along 
the transversal line is shown comparing the simulated and experimental values. It is 
noticeable that the central line corresponds to the maximum temperature value found in 
the numerical simulation. For other thermocouples, located at 4 and 8 mm from the 
welding line, simulated temperatures are divergent from the measured experimental 
values. An explanation for these differences is that the workpiece and the tool, in the 
numerical model, are in perfect thermal equilibrium [24, 26, 28]. The experimental setup, 
however, is subjected to rapid and sudden alterations of environmental and contact 
conditions as well as measurements fluctuations, not accounting for the perfect thermal 
coupling, which influences the thermal measurements. Additionally, the exact location 
during the experimental setup may be a little shifted and, as shown by isothermal graphic 
(Fig. 7), the maximum temperature could vary reasonably point by point.  Numerical and 
experimental measurements differ by about 200 ºC for the “8 mm” thermocouples, and 
by 100 ºC for the “4 mm” thermocouple in the advancing side. 

 

 

Fig. 11 Thermal acquisition from simulated and experimental data 
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The cooling rates between 900 and 800 °C were calculated from the experimental data 
and simulated cooling cycles. As the experimental thermal cycles just achieved 
temperatures above 900 °C in center of the welding line and 4 mm to advancing side, the 
cooling rate in simulated data was evaluated for these regions. Table 2 presents the 
calculated cooling rate results for both experimental and simulated thermal cycles. It was 
observed that the simulated values presented cooling rates about 9 °C/s higher than that 
obtained from the experimental data. 

 

Table 2 Cooling rate (calculated from 900 to 800 °C) of simulated and experimental cooling cycles from 
0 and 4 mm (to advancing side) of the center line 

Distance from weld center line 
Cooling rate (°C/s) 

Experimental Simulated 

0 mm 28 37 

4 mm (AS) 29 38 

 

This difference may be due to the perfect coupling conditions considered by the numerical 
model. Fig. 12 shows temperature flow of streamlines of the workpiece. They represent 
the path taken by the UNS S32205 particles that are subjected to tool movement and 
thermal influence. It can be noted that streamlines temperature are hotter around the pin 
when compared with the shoulder peripheral region. This may be due a higher thermal 
acquisition from the viscous dissipation’s contribution in this model. This flow 
asymmetry is often mentioned by other authors [30, 43, 50, 52, 54–56], generated by the 
tool movement and originating the asymmetry also in the joint’s geometry [29]. This 
information can provide where maximum temperature values are located and which 
portion of material flow is being heated at the same time. 

 

 

Fig. 12 Temperature distribution for the workpiece streamlines around the tool 

 

The flow movement on the advancing side (AS) retain higher temperatures during the 
process. In the AS, the workpiece flow is detained and its peripheral portion is driven to 
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the retreating side. The flow rapidly loses heat throughout the joint’s conical geometry. 
These irregularities directly affect the microstructure obtained at the end of the FSW 
process. As the welding takes place, parts of the material subjected to distinct temperature 
and flow movement will then have different microstructural characteristics, which may 
impact in mechanical behavior and chemical stability. Then, numerical thermal 
monitoring and flow assessing are essential to preview and optimize UNS S 32205’s 
microstructure properties and its proportion in FSW.  

 

3.2. Microstructural analysis and correlation 

Fig. 13 presents the temperature and logarithm of the material flow rate of welding joint 
cross section. Despite the numerical model obtained higher temperatures in the advancing 
side of the FSW joint, the material flow presented a significantly higher asymmetrical 
behavior compared with temperature results. The material flow rate results indicate that 
the welding retreating side (RS) presented a more intense material flow compared to the 
advancing side. These characteristics are some of the main features that enables FSW 
joints to achieve superior mechanical performance and corrosion resistance [41, 44]. The 
difference in symmetry of temperature and material flow rate distributions suggest that 
microstructural differences between central SZ, SZ-AS and SZ-RS could be more 
influenced by the material flow rather than by temperature. As it was discussed before in 
Fig. 12, flow inhomogeneity leads to irregular metal flow, and consequently, asymmetric 
deformation. 

 

 

Fig. 13 Temperature and logarithm of material flow rate results through the welding joint cross section 

 

For stainless steels, FSW processing temperatures may reach values greater than 1200ºC, 
as Park et al. [57] experimentally found. At this temperature, austenite-to-ferrite 
transformation is likely to occur and shift the overall microstructure. Regarding UNS 
S32205 duplex stainless steel, phase balance constitution is one of the major concerns 
that are straightforwardly connected to mechanical properties and corrosion resistance 
[22, 43, 50, 56]. CalPhaD computations in the studied material indicated that equilibrium 
temperature between austenite and ferrite is about 1100 °C, indicating that material 
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portions exposed to temperatures above that are prone to shift its microstructural balance, 
favoring a ferrite fraction increment. However, not only the welding peak temperature is 
of importance to evaluate the phase transitions developed during the welding. The 
material flow during FSW of duplex stainless steels favor austenite formation [58], and 
microstructural development proceeds during the cooling cycle, so the heat input is a very 
important feature in controlling the final microstructure of the welded joint. As the 
austenite to ferrite (and reverse) transformation occurs by diffusional mechanisms, time 
becomes an important parameter and short exposures to high temperatures can lead to 
subtle phase fraction changes. Santos et al. evaluated the microstructural development of 
the same FSW joint, and their EBSD results indicated that ferrite fraction tended to keep 
balanced after the welding operation, with no more than 10% volume fraction increment 
or decreased in neither zone [33]. 

Fig. 14 present the grain size distributions of BM, SZ, SZ-AS and SZ-RS for both phases 
(austenite and ferrite). Table 3 presents the mean grain size values of each of these zones. 
The grain size distributions indicated that a distribution for both phases shifted its mean 
values to smaller grain sizes after FSW. It was notable that ferrite grain size distributions 
in all SZ regions became significantly broader than BM distribution, while austenite 
distribution did not present intense broadening. These differences can be attributed to 
difference in recrystallization and recovering mechanisms acting on these two phases 
[33]. During hot working, ferrite is softer and accommodates most of the deformation. 
Moreover, ferrite tends to undergo dynamic recovering (DRV) while austenite is prone to 
dynamic recrystallization (DRX) [33]. During deformation, dislocations are regrouped in 
ferrite during DRV and subsequently DRX starts, nucleating new undeformed ferrite 
grains, which experience growth. As the nucleation process takes different times 
according to dislocation density, temperature, and other factors, first ferrite recrystallized 
grains would experience growth for higher times. In austenite, otherwise, DRV is not 
expected, so the DRX process should occur quickly as the austenite grains undergo hot 
working, in a way that austenite should recrystallize more intensely than ferrite, which 
would explain its narrower grain size distribution. The larger grain sizes of both phases 
in the SZ-RS region compared to the SZ-AS region can be associated with the more 
intense material flow in the RS. This intense material flow promotes higher strain rates 
and, consequently, higher dislocation density. The development of higher dislocation 
density favors a quicker start of both DRX and DRV processes, in a way that both phases 
experience higher growth times. Concerning the larger ferrite grain sizes in the central SZ 
compared with the AS and RS regions, the higher temperature in center of the stir zone 
could promote faster ferrite grain growth when compared with other regions. 
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Fig. 14 Grain size distributions of austenite and ferrite in BM, SZ, SZ-AS and SZ-RS 

 

Table 3 Mean grain size values measured in BM, SZ, SZ-AS and SZ-RS 

Phase 
Mean grain size (μm) 

BM SZ SZ-AS SZ-RS 

Ferrite 7.2 ± 0.3 0.92 ± 0.04 0.84 ± 0.02 0.84 ± 0.03 

Austenite 6.3 ± 0.2 0,82 ± 0.02 0.79 ± 0.01 0.85 ± 0.02 

 

In the material stir zone (SZ), a great fraction of refined grains of both phases (ferrite - α 
and austenite -γ) can be found. As deformation mechanisms of both α and γ are different, 
fractions of each phase vary throughout the SZ and heat affected zone (HAZ). Santos et 
al. working with DSS 2205 have found that the advancing side of the SZ exhibits a higher 
grain refinement when compared to the retreating side [33]. It was suggested that greater 
temperature values in the advancing side, along with greater strain rates, helped to form 



18 
 

a more refined region. The numerical results obtained in this work indicate a 
predominance of temperatures situated above 1100ºC around the tool vicinity on the 
workpiece, which could promote an increasing ferrite content in the workpiece [56]. 
These high temperatures, confirmed via numerical modelling, around the stir zone region, 
are a factor that have contributed to the predominance of a higher ferrite content. Momeni 
and Dehghani [43] found that for duplex microstructures, austenite content decreases 
from 50%  to 0% when temperatures increase from 20ºC to 1300ºC. As found by Farnoush 
et al. [22], the materials thermodynamical constants, such as m, n and Q used in this 
work’s numerical model, were inclined to those of ferrite phase at high deformation 
temperatures. 

Therefore, there must be an optimal balance of grain deformation and interface formation 
between intermetallics evolution and mechanical performance. The grain refinement, 
promoted by FSW, is an important characteristic which enhances the workpiece’s 
mechanical performance [44]. However, this refinement also increases the number of 
available interfaces for nucleating intermetallics, which reduces the alloy mechanical 
behavior and corrosion resistance, although the high cooling rate interferes with the 
intermetallic formation. In this work, no intermetallic phases were found, which promoted 
greater hardness values for the SZ due to the whole grain refinement and an overall higher 
yield strength and corrosion resistance. A more detailed and comprehensive study and 
findings regarding the mechanical metallurgy and microstructure’s corrosion resistance 
of the UNS S32205 can be found in Santa Cruz et al. [9] and Santos et al. [33] works.  

3.2. Tool temperature analysis 

The tool is a crucial feature of the FSW manufacturing process. In fact, it is so important 
that several works have been studying and cataloging new designs and features to improve 
joint quality and, consequently, obtain greater mechanical performance [21, 59]. As Cui 
et al. and Çam et al. reported, the lack of materials which could withstand temperatures 
greater than 1000ºC were a hindrance to welding or processing steels by FSW/Friction 
Stir Processing(FSP) and other high temperature alloys for a while [21, 54]. Nevertheless, 
the rapid and persistent development of appropriate tools for processing and joining high-
temperature alloys have contributed advantageously for producing sound joints with 
improved mechanical properties [60].  

Most of the tool’s materials are made with refractory materials, namely polycrystalline 
boron nitride (pcBN), tungsten tools alloyed with rhenium (W-Re) and combinations of 
pcBN/W-Re, pcBN/W-La, among others [21]. These alloying additions also improve the 
tool’s heat and wear resistance. Fig. 15 presents the tool in the numerical model. The 
regions exposed to greater temperatures are those next to the shoulder and pin, which are 
in direct contact with the workpiece and are the hottest regions of the joint. Giorjão et al. 
found that temperatures in the tool shaft may range from 700ºC to 800ºC [13], being 
comparable to those found in this work. In fact, the shoulder region is responsible for 
generating 75 to 85% of the joint’s thermal efficiency [48].  
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Fig. 15 Tool temperature distribution detailing welding direction 

 

Fig. 16 presents the temperature profile for the tool shoulder. The leading site of the tool 
presents lower temperatures when compared to the trailing side of the weld. This is a 
particular characteristic of the FSW/FSP processes [24, 53], once the workpiece ahead of 
the tool is still colder than the joint, and hotter where the tool has processed the workpiece. 
The heat provided by the tool is more rapidly distributed to the frontal piece of the joint, 
ahead of the welding movement, whereas heat is transported more slowly to the 
workpiece at the rear part of the joint. The asymmetry in heat transfer can be more 
noticeable with higher welding speeds., which a modest decrease in peak temperature can 
be measured [54] However, higher welding speed are a risk for the tool’s stability and 
performance, as its wear increases due to inadequate heat input, resulting in weld defects 
and tool failure. As reported by Çam [54], tool wear is one of the major difficulties in 
FSW of steel alloys. 

 

 

Fig. 16 Inferior view of temperature on the tool profile – detail for surface of shoulder and pin 

 

Fig. 17 displays the portion of the workpiece which is colder than the current temperature 
of the joint. This physical aspect is well-known, as detailed other works [51, 53]. This 
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thermodynamical characteristic is intrinsically related to high cooling rates within the 
process, with values situated around 38 to 65ºC/s [13, 52, 61]. 

 

Fig. 17 Isothermal distribution for the tool and workpiece - detail for the shoulder and tool showing a 
region of concentration of isotherms 

 

In this work, no inclusions or detached particles of pcBN or W-Re in the joint were found. 
Rai et al. [62] demonstrated that abrasion wear and mutual diffusion between the 
workpiece are the main deterioration process for pcBN tools. pcBN/W-Re tools are 
known for having limited plunge depths, allowing joining and processing workpiece no 
greater than 6 mm thick for stainless steels [21, 44]. Fig. 18 shows the shoulder and pin 
integrity after the 18 cm of welding procedure. The consolidation of the joint was carried 
out with no major issues, with no detection of detached particles from the shoulder or pin. 

 

Fig. 18 a) General view of the pcBN/W-Re tool after the welding procedure. b) Detailed view of 
pcBN/W-Re tool – shoulder and pin. No detachment was observable after the processing stage 

 

Park et al. found that the main wear behavior for a pcBN tool in FSW is primarily 
produced by reactions between by the iron, boron and nitrogen elements in steel alloys 



21 
 

[63]. In comparison, the pcBN tool wear for welding austenitic steels was greater than for 
ferritic steels and duplex steels. An explanation for this fact is that austenitic stainless 
steels have a greater flow stress than ferritic and duplex steels. In fact, the flow stress for 
austenitic stainless is 1.5 times larger than that of ferritic and duplex steels, leading to a 
greater nitrogen removal FSW of austenitic stainless steel [63].  

The tool geometry is also important for the integrity of the joint [13, 21, 45, 54, 60, 62–
64], being its geometry and design essential for heat generation and joint integrity. A 
threaded pin is also responsible for higher temperature values, since it provides higher 
deformation rates. At the same time, the tool design also influences the material velocity 
around the pin and might contribute positively to the material flow and, consequently, 
filling voids along the welding line. The composition of these effects provides fewer 
defects and joints with enhanced mechanical properties. 

 

4. CONCLUSIONS 

In this work, a computational fluid dynamics model for FSW of UNS S32205 duplex 
stainless steel was developed to study and predict thermal distribution, which plays a 
crucial role on the metallurgical properties of the processed joint. The numerical model 
allowed to calculate the maximum value of temperature with more precision than 
previously done in the literature, such as overall thermal history. UNS S32205 
experimental thermal data was important for increasing the accuracy of the numerical 
model. Simulated thermal cycle for the central line obtained a good agreement. However, 
for other distances, numerical results were higher than those obtained experimentally, 
providing additional information. One of the reasons for this fact is that the numerical 
model accounts for perfect thermal contact whereas this assumption is not always the case 
in the experimental setup, which could vary its exact location and, as discussed, the 
isothermals in FSW welds is very sensitive. The central welding line presented a 
maximum processing temperature of approximately 1213 ºC. This result allows for 
perceiving the maximum temperature in the central line may reach values higher than one 
predicted by previous works, bringing some additional approach by using the CFD model. 
The thermal cycle generated by the developed numerical model also helped to conclude 
that the cooling rate has a secondary role in determining final microstructure, which is 
predominantly influenced by strain rate. 

Microstructural changes in the workpiece led to conclude that the peripheral regions of 
SZ, are more prone to present higher ferrite content than the non-processed base material, 
implicating that these regions were subjected to temperatures above 1000ºC, as the 
numerical model can confirm. In this way, the coupled computational approach provides 
the potential to optimize the joint’s mechanical properties and corrosion resistance, with 
providing thermal and flow data acquisition, in association with experimental data, it may 
be possible to assess ferrite content in different regions of the joint.  

Also, the numerical model helped to perceive the thermal distribution on the FSW tool. 
The tool is thermally stable even after standing temperature values greater than 1200ºC. 
Deterioration of tool was not observed even after 18 m welding length, and detachments 
were not found generating a sound FSW joints. 
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Tables 

 

 
Table 1 Chemical composition of UNS S32205 duplex stainless steel (% weight). 

UNS (𝐂𝐫𝐞𝐪/𝐍𝐢𝐞𝐪) C P S N Cr Ni Mo Si Mn 

S32205 2,72 0,02 0,030 0,001 0,16 22,5 5,40 2,80 0,30 1,80 

 

Table 2 Cooling rate (calculated from 900 to 800 °C) of simulated and experimental cooling cycles from 
0 and 4 mm (to advancing side) of the center line. 

Distance from weld center line 
Cooling rate (°C/s) 

Experimental Simulated 

0 mm 28 37 

4 mm (AS) 29 38 

 

Table 3 Mean grain size values measured in BM, SZ, SZ-AS and SZ-RS. 

Phase 
Mean grain size (μm) 

BM SZ SZ-AS SZ-RS 

Ferrite 7.2 ± 0.3 0.92 ± 0.04 0.84 ± 0.02 0.84 ± 0.03 

Austenite 6.3 ± 0.2 0,82 ± 0.02 0.79 ± 0.01 0.85 ± 0.02 
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Figure captions 
 

Fig. 1 Illustration of the FSW process showing its main features: tool design and workpiece 

Fig. 2 Illustration for the FSW simplified tool with its dimensions 

Fig. 3 Experimental setup for the FSW joint 

Fig. 4 Geometry of the numerical model for the FSW of UNS S32205 

Fig. 5 Thermophysical and mechanical properties of UNS S32205 

Fig. 6 Volumetric temperature distribution during the FSW process 

Fig. 7 Numerical and experimental comparison: a) thermal camera measurements and b) numerical data 

Fig. 8 Thermal contours distribution for welding central line 

Fig. 9 Temperature gradients of the welding central line 

Fig. 10 Welding central line plane: a) Planar temperature distribution and b) Zoomed part for detail of 
maximum temperature 

Fig. 11 Thermal acquisition from simulated and experimental data 

Fig. 12 Temperature distribution for the workpiece streamlines around the tool 

Fig. 13 Temperature and logarithm of material flow rate results through the welding joint cross section 

Fig. 14 Grain size distributions of austenite and ferrite in BM, SZ, SZ-AS and SZ-RS 

Fig. 15 Tool temperature distribution detailing welding direction 

Fig. 16 Inferior view of temperature on the tool profile – detail for surface of shoulder and pin 

Fig. 17 Isothermal distribution for the tool and workpiece - detail for the shoulder and tool showing a region 
of concentration of isotherms 

Fig. 18 a) General view of the pcBN/W-Re tool after the welding procedure. b) Detailed view of pcBN/W-
Re tool – shoulder and pin. No detachment was observable after the processing stage 


