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Abstract

:

Thermally induced deterioration processes were studied in cold worked (up to 60% deformation) SAF 2507 type super-duplex stainless steel (SDSS) by differential thermal analysis (DTA). DTA results revealed two transformations. Parent and inherited phases of these transformations were examined by other methods too, such as micro-hardness tests, optical metallography and X-ray diffraction (XRD). Finally, these transformations were identified as the formation of α’- and σ-phases. Formation of strain-induced martensite (SIM) and recrystallization were not experienced until 1000 °C, despite high degree of cold working. Activation energies of the σ-phase precipitation and α’-phase formation were determined from the Kissinger plot, through DTA measurements—they are 275 and 220 kJ/mol, respectively—in good agreement with the values found in the literature.
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1. Introduction


Over the last decades, duplex stainless steels (DSS) have progressively been used in certain industrial areas instead of traditional austenitic stainless steels for the last decades due to their excellent mechanical properties and corrosion resistance, in spite of their relatively high cost. In these industrial sectors, often highly corrosive gases and fluids are stored and transported, e.g., marine, paper, pulp, chemical, nuclear, and petrochemical industries. DSS have much higher strength and higher PREN (Pitting Resistance Equivalent Number, Super DSSs have PREN > 40) than traditional austenitic stainless steels. Their increasing usage is supported by their low cost/lifetime rate [1,2].



Their favorable characteristics are realized by a particular microstructure which is composed of austenitic and ferritic phases having near the same volume ratio (50–50%). As a consequence of the nearly same amount of these phases this type of duplex steels have got improved corrosion resistance and enhanced toughness, ductility and weldability. The favorable fraction of austenitic and ferritic phases is regulated by appropriate addition of different alloying elements (e.g., Cr, Ni, Mo, and N), while the carbon content is in the range of 0.02–0.03%. Because of the high quantity of alloying elements, components made from DSS can be exposed to various mechanical and environmental effects during their lifetime what can induce different types of deterioration processes. When a component’s temperature is between 300 and 1000 °C it can induce the precipitation of different deleterious secondary phases (e.g., α’/alpha prime, σ/sigma, and χ/chi phases) [3,4,5].



Formation of the α’-phase is resulted by the spinodal decomposition of the ferritic phase into Fe-rich (or Cr-depleted) α-ferrite and Cr-rich α’-phase (also called alpha prime), what takes place between 300 and 525 °C and causes the so called “475 °C embrittlement”. During this spinodal decomposition zones with different Cr-concentrations are formed by uphill diffusion. The spinodal decomposition of the ferritic phase increases hardness because stress fields are formed between Cr-rich α’ and Fe-rich α zones and are increasing with aging time what hinder the movement of dislocations [6].The σ-phase forms during a eutectoid-type decomposition of the ferritic phase (δ) into secondary austenite (γ2) and σ-phase according to the next equation: δ→γ2 + σ between 650–1000 °C after some isothermal annealing [7,8,9].



The presence of these secondary phases can lead to premature deterioration of DSS components in two different ways. On the one hand, these are hard and brittle precipitations which have a damaging effect on ductility and toughness of duplex steels. On the other hand, they have usually relatively high concentration of Cr and/or Mo, decrease the concentration of these elements in the adjacent grains resulting the reduction of corrosion resistance [10,11,12,13,14].



As a matter of fact, in cases of traditional stainless steels and some grades of DSSs (e.g., lean DSSs) diffusionless formation of strain-induced martensite (SIM) should be considered due to the high rate of cold working. SIM can be formed from metastable austenite according to the next equations: γ→ε, γ→α’ or γ→ε→α’, where ε is a paramagnetic HCP (hexagonal closed packed) phase and α’ is a ferromagnetic BCC (body centered cubic) phase. However, it seems that highly alloyed DSSs, including 2507 grades, are not prone to formation of SIM, because they have more stable austenite to prevent its formation [15]. In our case, it will be revealed. Hereafter, the letter α’ denotes usually the Cr-rich α’-phase.



In this paper, the effects of cold working on thermally induced deterioration processes of duplex stainless steels and their activation energies are studied through differential thermal analysis (DTA) measurements in the range of 100 to 1000 °C. Articles can be found in the literature which deal with the decomposition of ferritic phase in austenitic or duplex stainless steels and their hot deformability, but they use different kinds of steels with pre-treatments and testing methods (see them in Section 3.6 and Section 4). However, no studies can be found in which the effects of cold working on the phase transformations of duplex stainless steels are studied using DTA. DTA seems to be capable to indicate phase transformations at different temperatures and consequently to quantify their activation energies from the Kissinger plot.



Another purpose and novelty of our work was to investigate the applicability of DTA on the phase transformations of duplex stainless steels. Calculating their activation energies by the Kissinger plot offer numerical and comparable results to judge this.




2. Materials and Methods


The experimental material was a commercially available SAF 2507 type duplex stainless steel (other standards apart from SAF 2507: UNS S32750, EN Number 1.4410). The nominal composition of this steel is given in Table 1. A micrograph of the microstructure of the untreated sample can be seen on Figure 1. For this study a sample made of this type of steel was cold rolled up to 60% deformation, then a piece of it was investigated using DTA. Later on, two pieces of it were isothermally heat treated at different temperatures (500 and 800 °C) for 20 min in order to form different phases.



DTA investigations were carried out by a Setaram Setsys 16/18 device to find phase transformations and determine their activation energies. Samples were heated up from 100 to 1000 °C with different heating rates (5, 10, and 20 °C/min) in argon atmosphere, then they were cooled at a constant 40 °C/min cooling rate.



For optical metallography, the specimens were ground and mechanically polished, and after they were etched by Murakami’s and Beraha II etchant. Murakami’s etchant contains 150 mL distilled water (H2O), 30 g potassium hydroxide (KOH), and 30 g potassium ferricyanide (K3[Fe(CN)6]). Samples were kept in 90–95 °C Murakami’s solution for 15–20 s.



Beraha II etchant contains 85 mL distilled water (H2O), 15 mL hydrochloric acid (HCl) with a concentration of 37.5%, and 1 g potassium metabisulfite (K2S2O5). Samples were kept in room temperature Beraha II solution for 30–45 s.



X-ray diffraction (XRD) measurements were performed on a Rigaku SmartLab diffractometer in the Bragg–Brentano geometry with a 1D D/Tex detector. Diffractograms were evaluated with the PDXL2 program using the ICDD-2018 database.



Hardness measurement is one of the most commonly used method to detect changes in mechanical properties of metals or alloys. Any changes of the mechanical properties or the microstructure that are not resulted by the modifying chemical composition can be revealed by hardness measurement. For these investigations a Vickers indentation hardness tester was applied. The tests were performed on the polished surfaces of the specimens by a Buehler 1105 micro-hardness tester. The applied force was 4.905 N (500 gF, HV 0.5) for macro, and 0.491 N (50 gF, HV0.05) for micro hardness tests.




3. Results


3.1. DTA Results


Results of DTA measurements on the cold rolled sample are shown in Figure 2. Two reactions can be identified by them. One exothermic reaction was revealed at the temperature ~500 °C. An endothermic reaction occurred at the temperature ~800 °C. Since these peak temperatures can be found in the formation temperature ranges of the α’- and σ-phases therefore, it has been supposed that the exothermic peak on the DTA curve indicates the α’-phase formation or recrystallization, while the second peak refer the σ-phase formation.



In order to identify the phase transformations occurred at each DTA-peaks, further studies were performed. Therefore, pieces of the 60% cold worked specimen were isothermally heat treated at 500 and 800 °C, respectively, for 20 min to induce recrystallization or α’-, as well as σ-phase precipitations, then they were cooled in water. These transformations were examined by optical metallography, macro and micro hardness tests, feritscope measurements, and XRD.




3.2. Optical Metallography


After etching, different phases in the samples can be identified. Beraha II reagent colorizes only the ferritic phase because on its surface a thin sulfide layer forms, which causes interference. Therefore, the austenitic phase remains bright. Murakami’s etchant was applied near its boiling point to reveal the ferritic and σ-phases (austenitic grains also seem to be grey), however, ferritic grains become a light reddish brown and σ-phase grains become deep reddish brown [16]. Optical micrographs can be seen in Figure 3.



In Figure 3, details “a” and “b” show micrographs of the untreated sample with nearly equal (50–50%) ratio between ferrite and austenite. In the main phases of the sample cold worked at 60% then heat treated at 500°C (Figure 3c,d) tiny black spots can be seen what seem to be other secondary phases. These spots were revealed stronger by Murakami’s than Beraha II reagent. In the sample cold worked at 60% then heat treated at 800 °C (Figure 3e,f) ferritic phase was bitten unevenly, while the σ-phase was done evenly by Murakami’s reagent. These phases appear in similar colors. In this sample, the eutectoid-type decomposition of the ferritic phase into secondary austenite can be seen very well by etching Beraha II reagent.




3.3. Ferrite Content Measurements


Ferrite contents of the specimens were determined by a Fischer FMP30 type feritscope. Feritscopes are useful tools for fast and non-destructive measurement of ferrite content based on magnetic induction. The samples contain significant amount of both paramagnetic (such as austenite, σ-phase) and ferromagnetic (ferrite) phases [17,18]. Due to the cold working and heat treatment (decomposition of the ferritic phase) their proportions can change. Figure 4 shows the results of the feritscope measurements. These results reveal that ferrite content decreased only in the specimen heat treated at 800 °C, what is caused by the decomposition of the ferritic phase into austenitic and σ-phases. The amount of the ferromagnetic phase did not increase due to cold working, therefore SIM was not formed (at least for the BCC ferromagnetic α’-phase).




3.4. Hardness Tests


The results of the macro hardness tests (Figure 5) show that hardness of the cold rolled sample increased due to the work hardening. The macro hardness results also show that the hardness increases with increasing temperature of the heat treatment. These results imply that these kinds of hardenings are due to the α’- and σ-phase precipitations in the specimen heat treated at 500 and 800 °C, respectively.



The micro hardness tests show nearly equal hardness in the material without cold work and heat treatment, because there is not so much deviation between the hardness of ferritic and austenitic phases. In the specimen with 60% cold deformation the hardness of austenite is slightly higher than that of the ferrite. In the specimen with 60% cold work and subjected to heat treatment at 500 °C, the hardness of austenite is much higher than the hardness of ferrite. Optical micrographs do not infer the reason of this growth in hardness, even though those tiny black spots observed both in ferrite and austenite seem to be nucleation of other phases (Figure 3c,d). However, hardness of the ferritic phase is higher than that in the specimen with 60% cold deformation. This is due to the α’-phase formation (so called “475 °C embrittlement”), which phase cannot be seen through optical micrographs.



In the specimen with 60% cold work, then heat treated at 800 °C, the hardness of ferrite is much higher than that of austenite. This is obviously caused by formation of σ-phase islands into the ferritic-austenitic matrix, because the σ-phase is a hard and brittle precipitation with a hardness of 68 HRC(~940 HV) [12]. However, the hardness of the austenitic phase does not change in the specimen heat to be treated at 500 °C.




3.5. X-ray Diffraction Measurements


As the XRD results (Figure 6) reveal, the specimens cold worked and heat treated at 500 °C contain only ferritic and austenitic phases. However, it should be noted that XRD cannot distinguish ferritic and α’-phases, because they have the same crystalline structures, with very similar lattice parameter [2]. It should also be noted that heat treating at 500°C did not result in any more new phases but the intensity ratio of the peaks has changed. The intensity ratio of the 220 peak was increased most probably as a result of a weak 220 texture formation. As a consequence, this can influence the growth in the hardness of austenite in the sample heat treated at 500 °C.



In order to evaluate the intensity fraction of the different phases, the background was first subtracted, and then the areas under the diffraction peaks of the different phases were summarized in the diffraction angle range of 30°–100° (Table 2). The changing in intensity fractions shows the changing in phase content. XRD results also reveal that the sample heat treated at 800 °C contains significant amount of σ-phase beside the ferritic and austenitic phases. The proportion of the ferritic phase is similar to the results of feritscope measurements. It can be seen that formation of the HCP SIM (ε-) phase was not detected.




3.6. Activation Energies by Kissinger Plot


Activation energies of phase transformations (primarily σ-phase formation) in stainless and other highly alloyed steels have been presented only in a few numbers of research papers in the last decades. DTA was not applied in any of them. Only one article was found in which activation energies are determined from a Kissinger plot and Kolmogorov–Johnson–Mehl–Avrami (KJMA) model based on differential scanning calorimetry (DSC) measurements [19]. In this work, Hajra et al. obtained activation energies for σ- to α-phase transformation using the KJMA and Kissinger models in a Fe55–Cr45 alloy, they are 240–260 kJ/mol and 369 kJ/mol, respectively.



Błachowski et al. determined activation energies for σ-phase formation in a Fe53.8–Cr46.2 alloy, and found them between 197 and 260 kJ/mol with different methods [20]. In 2205 duplex stainless steel, Ferro obtained 202 kJ/mol activation energy for σ-phase formation using his semi-empirical model [21]. Costa et al. determined 189 kJ/mol activation energy for σ-phase formation in a strongly deformed equiatomic Fe–V alloy [22]. These results unambiguously show that activation energies are crucially influenced by the chemical composition of alloys.



In duplex stainless steels activation energies of σ- and α’-phases have been determined in the last years. Mészáros et al. calculated activation energy for σ-phase formation in SAF 2507 type duplex stainless steel with several cold-worked conditions through the KJMA model [23]. Results for activation energy of σ-phase formation were given between 296 and 302 kJ/mol (they decrease with increasing rate of cold working) and it was revealed that this activation energy hardly depends on the rate of cold working. Using the Kissinger method [24] Berecz et al. obtained 261 kJ/mol activation energy for α’-phase formation and 243 kJ/mol for σ-phase formation for a SAF 2507 type duplex stainless steel which was not cold-worked. These results show that activation energies practically do not depend on the rate of cold working.



DTA measurements with different heating rates allow to calculate the activation energies of solid state phase transformations from the Kissinger plot [25,26], because the higher the heating rate is, the greater the peak temperatures are shifting away (as it can be seen very well on Figure 2). According to the well-known Kissinger equation:


  ln  (   β   T p 2     )  = ln  (    AR    E a     )  −    E a      RT  p    ,  



(1)




where β is the heating rate (dT/dt), Tp is the temperature of peaks, Ea is the activation energy, R is the gas constant (8.31 J/mol K), and A is a constant. Activation energy is obtained from the slope of the plot ln(β/Tp2) versus 1/Tp. It can be seen that results of DTA measurements depend on the applied heating rates through the shift of peak temperatures mentioned above.



The slopes of these plotted lines (Figure 7) allow us to estimate that the activation energies for transformations of the ferritic phases into α’- and σ-phases are 220 and 275 kJ/mol, respectively. This value for activation energy of σ-phase formation is in good agreement with other outcomes found in the literature.





4. Discussion


Formation of α’- and σ-phases were revealed by DTA measurements: the presence of both would cause failure problems in DSS components through deterioration of corrosion resistance and toughness after a certain amount of thermal exposure. Activation energies obtained for the formation of σ- and α’-phases are close to the activation energy of Cr diffusion in ferrite for lattice diffusion (241 kJ/mol) [27] and for grain boundary diffusion (218 kJ/mol) [28,29], respectively. However, the activation energy for α’-phase formation is lower than the activation energy of Cr diffusion in the austenitic phase (~293 kJ/mol) [29]. Therefore, it can be established that the formation of the α’-phase is mostly affected by the Cr diffusion within the ferritic phase forming Cr-rich and Cr-depleted zones through spinodal decomposition. The activation energy of Mo diffusion in the ferritic phase is higher than that of Cr diffusion (282.6 kJ/mol) [30,31]. It can imply that diffusion of Mo—beside diffusion of Cr—can be assumed as the other thermally activated process what occurs during σ-formation, as a eutectoid-type decomposition. The processes of formation of the α’-phase, and nucleation and growth of the σ-phase are driven by diffusion and these are based mainly on the diffusion of Cr and Mo atoms in the ferritic phase. The effect of cold working on the activation energies of σ- and α’-phases cannot be revealed by comparing the activation energies obtained in not cold worked SAF 2507 type duplex stainless steel [24]. This is also confirmed by results of Mészáros et al. [23], therefore it can be stated that cold working has negligible effect on the activation energies of both deleterious secondary phases. However, previous cold working has influence on the δ-ferrite decomposition process according to Mészáros et al. [23], and thereby the α-ferrite decomposition process also can be affected by it.




5. Conclusions


Thermally induced deterioration processes were studied in previously cold worked SAF 2507 type duplex stainless steel using DTA, optical microscopy, hardness tests, XRD, and feritscope measurements.




	(1)

	
DTA analysis of 60% cold worked duplex stainless steel sample revealed two phase transformations at ~500 °C and at ~800 °C. They were identified by hardness tests and XRD measurements as α’-phase formation (at ~500 °C) and σ-phase formation (at ~800 °C). Formation of SIM and recrystallization were not experienced until 1000 °C.




	(2)

	
Activation energies of these transformations were determined by using the Kissinger plot. They are 220 kJ/mol for α’-phase formation and 275 kJ/mol for σ-phase formation, in good agreement with the values found in the literature.




	(3)

	
These activation energies indicate that diffusions of Cr and Mo are probably the major thermally activated processes concerning these phase transformations.




	(4)

	
The effect of cold working on the activation energies and formation of σ- and α’-phases cannot be revealed.
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Figure 1. Optical micrograph of the untreated specimen. 
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Figure 2. Differential thermal analysis (DTA) curves with peaks at different heating speeds. 
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Figure 3. Optical micrographs:(a) without deformation, using Beraha II reagent,(b) without deformation, using Murakami’s reagent,(c) 60% rate of cold working with Beraha II reagent,(d) 60% rate of cold working and heat treatment at 500 °C with Beraha II reagent,(e) 60% rate of cold working and heat treatment at 800 °C with Beraha II reagent, and(f) 60% rate of cold working and heat treatment at 800 °C with Murakami’s reagent. 
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Figure 4. Results of feritscope measurements. 
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Figure 5. Results of hardness tests. 
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Figure 6. X-ray diffractogram in logarithmic intensity scale of the cold worked (60%), the cold worked (60%) then heat treated at 500 °C, and the cold worked (60%) then heat treated at 800 °C samples. 
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Figure 7. Kissinger plots of the transformation peaks with their coefficients of determination. 
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Table 1. Chemical composition of the sample material (SAF 2507 type super-duplex stainless steel (SDSS).
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	Fe
	Cr
	Ni
	Mo
	Si
	Mn
	Cu
	C
	N





	Nominal (%)
	Balance
	25
	7
	4
	0.8
	1.2
	0.5
	0.02
	0.3
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Table 2. Approximate proportion of phases in the samples determined by X-ray diffraction (XRD).
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Sample

	
Ratio of Intensity (%)




	
Austenite

	
Ferrite

	
σ-Phase






	
Cold worked (60%)

	
55

	
45

	
0




	
Cold worked (60%), then heat treated at 500 °C

	
59

	
41

	
0




	
Cold worked (60%), then heat treated at 800 °C

	
73

	
9

	
18
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