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Abstract - This study focused on using thermal cycle simulator to investigate the metallurgical modifications that occur 

during welding of austenitic stainless steel type 304L and duplex stainless steel alloy type 2205. Thermal cycle simulator is 

known as an effective method to simulate the HAZ in the welded samples. Hence, the temperatures that are applied through 

this method should not reach the melting temperatures of the welded material. Different peak temperatures, from 500 to 

1100oC were applied on the samples. Although the whole heating and cooling process was relatively short and did not 

exceed7 minutes, both alloys were subject to metallurgical changes such as carbide precipitation in austenitic alloy and 

ferrite : austenite ratio in duplex alloy. The amount of carbide precipitation increased for longer exposure at specific 

temperatures. The amount of ferrite contained in duplex alloys increased with increasing peak temperature. However, other 

phases did not appear noticeably within this period, 7 minutes, at the peak temperatures applied in this study. 

 

Keywords - Thermal Cycle Simulation, Chromium Carbide Precipitation, Austenitic Stainless Steel, Duplex Stainless Steel, 

Ferrite Content. 

 

I. INTRODUCTION 

 

Day after day the demand for stainless steel alloys is 

noticeably increasing [1]. This demand has become 

higher than ever before for duplex alloys, and this can 

be attributed to their microstructure comprised of 

both ferrite and austenite, which provides better 

properties than the two phases taken separately [2, 3]. 

In general, both austenitic and duplex alloys provide 

good mechanical properties, high corrosion resistance 

and sufficient level of weldability. As a result, they 

have become one of the most preferable alloys for the 

applications whichrequire these properties[4, 5]. 

However, welding remains one of the major 

challenges that stainless steel alloys are facing 

because of the microstructural changes that occur in 

themelted and heat affected zones (HAZ) [6, 2, 1, 7]. 

For example, austenitic stainless steel alloys is 

exposed to weld decay and intergranular corrosion 

due to chromium carbide precipitation. Khoshnaw [4] 

found that the carbide precipitation occurs when the 

alloy passes through the sensitization temperature 

ranges, i.e. 500 and 850oC.Subsequently this 

precipitation affectsductility, toughness and corrosion 

resistance. Similarly, duplex stainless steel alloysare 

exposed to embrittlement, in addition to carbide 

precipitation.Pardal[7] and NuriaLlorca-Isen[8] 

showed that some brittle phases such as Chi and 

Sigma phases form intemperature ranges between600 

and 1000oC at different period of times. On the other 

hand, heating affects the austenite: ferrite ratio in 

duplex steels, as a result this will affect the 

mechanical and corrosion properties. Therefore, 

research is continuously ongoing to keep the negative 

impacts of welding processes on the mechanical 

properties and corrosion resistance of stainless steel 

alloys as limited as possible. 

In the last few decades,numerous studies have been 

carried out to investigate the negative impacts of 

welding on the mechanical properties and corrosion 

resistance of stainless steel alloys. The modifications 

are always referred to the metallurgical aspects that 

occur in the fusion zone and HAZ. However, because 

these two zones are relatively narrow and present 

intermixing, especially in the arc-based welding 

processes, e.g. TIG and MIG, finding an accurate 

contribution of each zone towards the type and 

amount of microstructural changes, has become a 

focal point of discussion. Thus, to overcome this 

confusion, different thermal simulation methods [9, 

10, 11, 12, 6] have been used as an experimental 

method to provide relatively quick information that 

reflects the thermal configuration of different welding 

processes. 

To investigate the metallurgical modifications that 

happen during welding, researchershave started 

thermal simulation by heating samples using 

conditions that reproduce as best as possible the 

welding process, especially for HAZ.Thermal cycle 

simulation of HAZ is achievable through the use of 

thermal simulator devices that heat the samples up to 

just below the melting point, as the equipment is not 

able to record the temperatures after the material has 

melted. Samardzicet al[9]used Smitweldtype TCS 

1405 weld thermal simulator and has found that it is 

suitable device for accelerated investigation of 

weldabilityand presents relationship between cooling 

time at weld thermal simulating parameters and 

mechanical properties of weld joint in heat affected 

zone (HAZ).Kulhaneket al [13]worked on steel P92 
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and tried to compare the microstructures with 

hardness parameters, as they found identical and 

proved accuracy of temperature simulation. Mohylaet 

al[11] compared the mechanical properties and 

microstructure of HAZ of P92 welded joints made by 

TIG method and samples with simulated 

temperatures. The results showed relatively good 

agreement, as they found that using the thermal 

simulator brings reasonable, repeatable result and 

seems to be promising method how to investigate 

properties and microstructure of the HAZ. Scottiet 

al[12]used thermal cycle simulations on a round robin 

test for high strength low alloys steel alloys to build a 

continuous cooling transformation diagram. They 

showed that despite the small number of laboratories 

involved and scattered results, it was still possible to 

show that this approach gives reasonable results, but 

with a certain degree of inaccuracy. 

Understanding the metallurgical aspects that are 

associated with the welding processes requires careful 

investigation. Thermal simulation techniquescan help 

to characterise the subsequent changes of the 

microstructure at specific temperatures which have 

similar heating and cooling rates to the welding 

process. This method has been applied on the 

materials which are frequently used in applications 

that require welding such as steel, aluminium, 

titanium and stainless steel alloys. Since there are 

only limited number of researches studiedthis 

technique on duplex stainless steel alloys, this study 

aims to investigate the feasibility of using thermal 

simulation on duplex stainless steel alloy type 2205 

and austenitic stainless steel type 304L as a control 

alloy. 

 

II. EXPERIMENTAL WORKS 

 

The thermal cycle simulator type SMITWELD [9, 13, 

12], is used to simulate the thermal cycles at different 

peak temperatures for each alloy. The process is 

aimed to provide quick simulation of temperature 

cycles, which reflect similar circumstances to those 

that occur during welding, while providing an 

enlarged HAZ due to geometry of the equipment and 

samples. This equipmentprovides thermal cycling by 

applying high current and low voltages through two 

probes positioned at the extremities of a metallic 

sample, which lead to heat up the centre of sample to 

the selected temperature. Due to the presence of 

water-cooling systems on the extremities of the 

samples, a temperature gradient similar to that of 

HAZ is formed in the samples and, after heating it is 

cooled down to room temperature. 

 

Austenitic type AISI 304L and duplex stainless steel 

alloy type 2205 (UNS S32205) have been used in this 

study. Their chemical analysis is shown in Table 1. 

Square cross section samples with a section of 10x10 

mm, and a length of 70 mm were used in this studyas 

required by the geometry of the thermal cycle 

simulator. 

Alloy 
Chemical Composition wt.% 

C Cr Ni Mo Mn Si Co Rem 

304L 0.03 18.1 8.2 0.4 1.9 0.3 0.2 
0.1 

V 

2205 0.03 22.9 4.1 6.8 1.4 0.8 0.4 
0.13 

N 
Table 1chemical analysis of the alloys used in this study. 

 

The temperature cycle applied to the samples was 

controlled through a computer programming that is 

installed with the thermal simulator, and the actual 

temperatures were measured by thermocouples 

attached to the samples byspot weldingand thus 

recordedagainst time during the whole heating and 

cooling process.Figure 1presents the heating system, 

with a sample installed for simulation and a single 

thermocouple for peak temperature measurement. 

The thermocouples were attached in the middle of the 

samples, i.e. 35 mm from the extremities. However, 

several tests have been carried out with the use 

multiple thermocouples on other locations on the 

sample (e.g. 10 mm from the middle) in order to 

determine the temperature distribution across the 

length of the sample and for calibration purposes. The 

recorded data (time/temperature evolution) was 

transferred into a spread sheet files to be set up as a 

graph presenting heating and cooling rates for the 

various applied temperatures, to be used for 

subsequent interpretation of the microstructures. 

 

 

 
 

Figure 1 Thermal cycle simulator type SMITWELD used in 

this study, complete with sample and single thermocouple. 

 

Different peak temperatures were applied on each 

alloy. For austenitic alloys the range of peak 

temperature was500 to 900°C, while it was 500 to 

1100°C for duplex. These temperatures were selected 

on the basis of the range of sensitivity to chromium 

carbide precipitations and formation ofbrittle phases 

of austenitic and duplex alloys. Generally, the 

recorded temperatures were different from the 

intended temperatures; for example, for setting the 

device at 700oC the recorded temperature on the 

sample was showing 686oC in one run and 692oC in 
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the next run.This difference can be attributed to the 

thermal conductivity of the material itself and to the 

size of the spot-welded contact between the 

thermocouple and the sample. 

On the other hand, to investigate the effect of time on 

the metallurgical phenomena in the used alloys, 

samples were isothermally heat heated in an electric 

furnace (type Carbolite CWF13/13)at700oCfor 

austenitic stainless steel and 750oCfor duplex alloy 

for 3 different times: 5 min, 30 min and 60 min.The 

reason behind using this temperaturesfor the 

isothermal treatments is because the results show that 

this range of temperature causes the highest 

sensitization in austenitic alloy. Hence, even higher 

temperature, i.e. 750oC was used on duplex alloy for 

comparison. 

Ferrite measuring apparatus, type Ferritgehaltmesser, 

is used to determine the ferrite content after thermal 

cycle for the duplex alloys, that was then compared to 

the as-received samples [14]. The device 

determinesthe ferrite number, FN, based upon an 

arbitrarily defined relationship between the magnetic 

susceptibility of the samples and the ferrite content. 

The FN is converted to ferrite content (volume) 

percentage based on the following equation, as 

recommended by the device supplier: 

Ferrite Content % = 7.30583 × e
FN

8.88399 − 7.162 

 

Macro-hardness HVT30 type Emco test automatic is 

used to measure the hardness of the samples. 

Scanning electron microscope type JEOL-SEM 6400 

is used to observe the microstructural changes. Two 

etching techniqueswere used in this study: (i) 

Electrochemicaletching in oxalic acid for 60-90 

seconds at room temperature applying 3 V, using 

device typeStruers LecroPol-5, (ii) immersion in 

Murakami etchant for 2-3 minutes [15]. All the 

images in this study were taken at the etched 

conditions. 

 

III. RESULTS AND DISCUSSION 

 

Figures 2 and 3show some of the thermal cycle 

simulation curves for austenitic and duplex alloys 

respectively. Not all the thermal cycle simulations are 

plotted in these figures to make clearer distinctions 

between the curves. 

 
Figure 2Thermal simulation curves for various applied 

temperatures on austenitic stainless steel alloy type 304L. 

Table 2 shows the hardness valuesmeasured at the 

centre of the samples(middle) which is exposed to the 

highest temperatureas well as the value obtained 10 

mm from the central point (sides). The values are the 

average of3 measurements on the same sample. The 

table shows also the hardness of as-received samples 

and of samples that were isothermally heat treated. 

 

 
 

Figure 3Thermal simulation curves for various applied 

temperatures on duplex stainless steel alloy type 2205. 

 

Table 3 shows the effect of temperature on the ferrite 

content of duplex samples, in the centre (middle 

location)and side (10 mm from centre) location, for 

heat treated and heat cycled samples. Similar tests 

were applied to austenitic samples but the variations 

of the ferrite content were too small to be interpreted: 

less than 1% ferrite. 

 
Austenitic 

stainless 

steel 

HVT30 Duplex 

stainless 

steel 

HVT30 

Middle Sides Middle Sides 

As 

Received 
302 300 

As 

Received 
292 292 

486oC 292 290 427oC 270 290 

600oC 287 287 650oC 273 258 

692oC 294 306 760oC 257 255 

758oC 288 280 844oC 244 245 

855oC 230 230 920oC 233 234 

920oC 180 180 1084oC 250 258 

700oC – 5 

min 
245 243 

750oC – 

5 min 
258 255 

700oC – 

30 min 
244 245 

750oC – 

30 min 
269 273 

700oC – 

60 min 
250 228 

750oC – 

60 min 
268 272 

Table 2 The hardness values of as-received and heated samples. 

 

The applied temperatures in this study had been 

decided based on the range of sensitive temperatures 

for both alloys, which start at 500oC  and then 

increasing by 100oC for each following sample up to 

1100oC [2, 1, 4]. 

The temperatures that are considered in this study, as 

shown in Figures 4 and 5, reflect the actual 

temperatures at which samples have been heated. In 
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addition, the results of this study can be employed for 

the study of HAZ ofsimilar alloyweldments, only 

when the welding process has the same heating and 

cooling rates similar to thoseused in this 

study.Figures 4 and 5 show the main metallurgical 

phenomena which occurred in austenitic and duplex 

stainless steel alloys respectively. These changes can 

be interrelated with the hardness values, Table 2, and 

the ferrite content %, Table 3. 

 

Duplex 
Ferrite Content % 

Middle 10 mm Side 

As Received 40.2 40.2 

427oC 43.1 45.3 

650oC 42.7 42.8 

760oC 47.2 47.6 

844oC 47.3 49.8 

920oC 47.5 47.3 

1084oC 49.0 48.1 

750oC – 5 min 37.4 37.2 

750oC – 30 min 28.4 28.3 

750oC – 60 min 28.3 28.5 
Table 3 Ferrite content % in duplex samples. 

 

3.1 Austenitic Stainless Steel Alloy Type 304L 

Figure 4 shows the microstructural changes of 

austenitic alloy type 304L. Fig. 4a shows the 

microstructure in as-received condition, with a small 

amount of retained ferrite. Figures 4b, c and d show 

the changes that happen due to heating the samples 

up to 486oC, 692oC and 920oC respectively. The 

figures show that the amount of chromium carbide 

precipitation at 486oC is higher than in the as-

received sample, and that it increased noticeably at 

692oC. The microstructural investigationsshowed that 

for temperatures higher than 692°C, the amount of 

carbides decreases with increasing temperature. 

Subsequently, the amount of carbides present after 

cycling at 925oC is almost the same as itsfor 486oC. 

This coincides with other researchers’ results[4, 

6]which show that the sensitization range of 

austenitic stainless steel sits within the 500-850 °C 

range. Above that temperature, the carbides start to 

dissolve in the solid solution. 

 
Figure 4Microstructure of austenitic alloy: a: as-received, b: 

after heating at 500oC, c: after heating at 692oC, d: after 

heating at 920oC. 

 

Table 2 shows thatthe hardness of the austenitic 

sample cycled at 500oC is lower than that ofas-

received austenitic sample, however hardness 

increases with temperature from 692oC, then 

decreases to a minimum at 920oC. This can be 

attributed to the precipitation of carbides, which are a 

hard phase. However at higher temperatures, these 

carbides dissolve, thus exposing the material to 

annealing and softening leading to a reduction of 

hardness. 

Note: To show the growth of the precipitates 

consistently, all the indicated scale-bars on the 

microstructural photos in this study are 50 micron. 

Figure 2 showed that the total time – heating and 

cooling - for each thermal cycle simulation did not 

exceed 7 minutes, while the heating to the peak 

temperature and cooling up to the lowest sensitization 

range of temperatures, 550oC is almost 1 minute, 

which is relatively short time to allow complete 

carbide precipitation, considering that this 

phenomenon occurs in the sensitized area during the 

actual welding process. 

Accordingly, to observe the effect of exposure time 

on carbide precipitation at the temperature that give 

the highest sensitization, samples where isothermally 

heat treated at temperaturesclose to 692°C where the 

highest amount of carbide precipitation appeared - for 

5, 30 and 60 minutes. Figure 5 shows that the 

carbides become thicker and denser on the grain 

boundaries with increasing heat treatment time. This 

confirms that 700°C sits in the range for which quick 

precipitation of chromium carbides occur in 304L 

stainless steel[13, 12, 9]. 

The hardness of sample heat treated at 700°C is 

similar for the three different treatment times but it is 

lower than that of the as-received sample and of the 

thermal cycled sample, due, for the latest, to a more 

important effect of matrix softening than of hard 

phase precipitation, and also to the excessive growth 

of carbides. 

 

 
Figure 5Effect of time on carbide precipitation in austenitic 

alloy at 700oC: a: 5 min, b: 30 min and c: 60 min. 

 

3.2 Duplex Stainless Steel Alloys Type 2205 

Figure 6 shows the microstructural changes in duplex 

2205 alloy type. Metallographicalobservation showed 

that temperatures at427, 650 and 760oC did not 

modify the microstructure significantly compared 

with as-received samples. Duplexalloys present 

effectively higher stability to microstructural changes 

than austenitic alloys, although low amounts of 

precipitation can be seen at 650oC and 760oC [5, 7, 

1]. However,noticeable changes in microstructure 

started from 844oC and this has become noticeably 
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clear at 920oC and 1084oC. Figure 6d, 6e and 6f show 

noticeable changes started around 800oC following 

grain growth process at higher temperatures, 

producing longitudinal grains with uniaxial 

directions. This is in concordance with the hardness 

of the samples, as Table 2 showed, increasing the 

temperature decreased hardness, especially at 920oC, 

where the microstructure showed a complete 

recrystallization, i.e. the number of dislocations 

decreased. 

 

 
Figure 6Microstructural changes of duplex alloy, a: as-

received, b: after heating at 427oC, b: 650oC, c: 760oC, d: 

844oC, e: 920oC and f: 1084oC. 

 

As mentioned in the previous paragraph, no 

microstructural changes were observed at 427, 650 

and 760oC, however to examine the effect of time on 

carbide precipitation, samples were heat treated at 

750oC for 5, 30 and 60 minutes. This is even higher 

than 700oC temperature which the 304L stainless 

steel samples were heated for similar period and 

showed changes in carbide precipitation.  Figure 7 

shows that – similar to austenitic alloy – the amount 

of precipitated carbides increases with time and 

precipitationis thicker and denser on the grain 

boundaries. This isevidence that 750°C is in the 

sensitization range for duplex alloys. 

 

 
Figure 7Carbide precipitation in duplex alloy at 700°C with 

time, a: 5 min, b: 30 min and c: 60 min. 

 

The hardness evolution of duplex samples can be 

interpreted similarly to that of austenitic stainless 

steel: on one hand, carbide precipitation increases the 

hardness, on the other hand,cycling at high 

temperature causes softening and reduces the 

hardness. Therefore, the final result shows the 

balance between these two phenomena. 

Table 3shows that the amount of ferrite increases 

with raising temperature. The as-received sample 

contained 40% ferrite and this amount was raised to 

close to 50% at 1088oC. This result is similar to 

published literature that confirms increasing ferrite 

content with temperature [14, 4, 2]. However, the 

ferrite content of the isothermally treated sampleswas 

lower than that of theas-received sample. This can be 

attributed to the amount of carbide precipitation: 

chromium being a ferrite stabilizing element, it’s 

precipitation at the grain boundaries as chromium 

carbide will lower the amount of ferrite. 

 

IV. CONCLUSION 

 

1. The thermal simulation is not sufficient to show 

the whole microstructure modifications in duplex 

alloybecause of the short time remaining at 

sensitization ranges due to high heating and 

cooling rate. 

2. The maximum amount of precipitation occurred 

at 700oC within around 1-2 minutes. 

3. The amount of metallurgical changes increased 

with increasing time for the isothermally heat 

treated samples in both alloys. 

4. The ferrite content increased with increasing 

cycling temperature. 

5. Cycling at higher temperatures had dual effects 

on hardness. Hardness increaseddue to carbide 

precipitation and decreased due to softening. 
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