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Abstract

:

The solidification behaviors of laboratory cast austenitic SS2343 stainless steel in terms of the volume fraction of δ-ferrite in the as-cast state and its transformation after subsequent annealing were investigated. Monitoring of morphological transformations of δ-ferrite in the microstructure show the progress of δ-ferrite dissolution. Annealing tests were conducted at 1050 °C, 1150 °C and 1250 °C with soaking times of 5 and 40 min. The thermodynamic prediction and metallographic identification of δ-ferrite are presented. The ferrite fractions were measured using a magnetic method and determined to be in the range between 10.7% and 14.6%. The volume share of δ-ferrite decreased with an increase in temperature and the time of annealing. About 50–55% the δ-ferrite was effectively transformed. The δ-ferrite phase, originally present in a dendritic morphology, tends to break up and spheroidize. The morphology varies from vermicular, lacy and acicular shapes to globular for higher temperatures and for longer exposure times. In the δ-ferrite after annealing, concentrations of Cr and Mo decrease, and conversely the concentration of Ni increase, all by small, but significant, amounts. The observed changes in the solute concentration can be explained in terms of the transformation of ferrite into austenite and sigma phases.
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1. Introduction


Austenitic stainless steels have numerous applications since they have a good combination of properties, such as corrosion and oxidation resistance, toughness, weldability, and mechanical strength at low and high temperatures. The properties and performance of austenitic stainless steels are closely related to their microstructures, especially the amount and distribution of delta-(δ–)ferrite, which, in the case of castings, depend mainly on the chemical composition and the cooling rate during solidification [1,2,3,4,5,6,7]. Although expected to be fully austenitic at room temperature, the as-cast microstructure of austenitic stainless steels generally contains a small amount of residual δ–ferrite. The presence of this δ–ferrite is detrimental to the hot ductility and can lead to cracks appearing either at the edges of the hot-rolled product as open cracks or on the surfaces of the finished product as silver defects containing oxides [4].



The solidification sequence of stainless steels is usually predicted using the Fe-Cr-Ni phase diagram [4]. The projection of the liquidus, ferrite solidus and austenite solidus lines in the Fe-Cr-Ni ternary diagram shows a peritectic reaction, L + α → γ for the Fe-Ni system of the phase diagram. The peritectic behavior continues until the liquidus line crosses the austenite solidus line, after which the reaction becomes eutectic: liquid → α + γ for the Cr-Ni system [4]. The initial solidifying phase is determined by the position of the alloy with respect to the liquidus surface [8]. Most stainless-steel compositions are on the iron-rich side of ternary and contain less than 80% Fe. In order to predict the solidification sequence for the Fe-Cr-Ni ternary system using chromium and nickel equivalents, the Creq and Nieq indexes can be estimated with the following Equations ((1) and (2)) [4,5,6], where contents of elements are given in wt.%:


Nieq = Ni + 30 C + 30 N + 0.5 Mn



(1)






Creq = Cr + Mo + 1.5 Si + 0.5 Nb



(2)







The solidification mechanism of austenitic stainless steels, as predicted from the equivalence ratio Creq/Nieq, can occur in accordance with one of the following four modes [2,3,4,7]:


Austenite mode (A): L → L + γ → γ



(3)






Austenitic–Ferrite mode (AF): L → L + γ → L + γ + δ → γ + δ



(4)






Ferrite–Austenite mode (FA): L → L + δ → L + δ + γ → γ + δ → γ



(5)






Ferrite mode (F): L → L + δ → δ → δ + γ



(6)




where L is the liquid phase, γ is the austenite, and δ is the ferrite.



The solidification of the cast microstructures at room temperature is primarily an austenitic mode (3), where there was primary austenite solidification without the appearance of ferrite, and an austenitic–ferritic mode (4), where the primary austenite solidification was followed by the nucleation and growth of ferrite with a eutectic reaction of the remaining inter-dendritic Cr-enriched liquid phase. With the ferrite-austenite mode (5) of solidification, primary ferrite precipitation followed on further cooling, with austenite formation in the three-phase region. This is a eutectic reaction. Below the solidus line, the ferrite transforms to austenite in the solid-state until it is completely dissolved. The ferrite mode (6) was primary ferrite solidification with austenite forming a structure along the ferrite boundaries upon cooling in the solid state [4]. At higher ratios of chromium over nickel, the microstructure at room temperature can retain considerable amounts of δ-ferrite, for example, in duplex stainless steels [8,9,10].



However, in real cases the solidification sequence also depends on the solidification rate, which influences the possible growth competition between the stable and metastable solid phases through the kinetic undercooling required for their growth. Variations in the solidification rate also impact the amount of ferrite and causes its increase or decrease, depending on the solidification sequence for the considered solidification rate [4,11,12,13].



Under the prevailing non-equilibrium solidification conditions, segregations alter the product phases and their compositions [8,14]. Accordingly, with the microstructure evolution in austenitic stainless steels, the interdendritic regions are slightly enriched in both Cr and Ni, while in the austenitic-ferritic mode there is significant enrichment in terms of Cr and the depletion of Ni. The ferrite nucleates in the Cr-enriched and Ni-weakened regions as a non-equilibrium phase. The segregations of Cr to ferrite and Ni to austenite during solidification play a major role in stabilizing the ferrite during the subsequent solid-state transformation [15,16].



The consequence of segregation at the boundaries of the dendrites is the mechanical instability of the steel during hot forming [17,18,19]. During the continuous casting of this steel at the casted slab/beam locations, where the cooling rate during casting is high enough, part of the metastable δ-ferrite is maintained at room temperature due to the imperfect transformation of the δ in γ [20,21,22]. Ferrite has a negative influence on the hot ductility [4]. In the majority of cases the δ-ferrite can be eliminated by annealing in the range between 1050 °C and 1250 °C with a sufficiently long time [4]. The annealing time at a certain temperature influences the amount and the shape of the δ-ferrite after annealing. Annealing dissolves and changes the shape [23,24,25] of the δ-ferrite.



The aim of the study was to determine the effectiveness of the transformation, i.e., the decomposition of the δ-ferrite crystal grains upon annealing at 1050 °C, 1150 °C and 1250 °C with respect to the amount and the shape of the δ-ferrite in SS2343 stainless steel. Studies on solid-state phase transformations related to the heat treatment of various grades of stainless steels are especially important for understanding welding processes, in order to improve welding quality in terms of mechanical, metallurgical and corrosion properties [9,10,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29].




2. Materials and Methods


The research was conducted on laboratory-scale SS2343 stainless steel. The SS2343 austenitic steel was melted in an induction furnace and then cast into an investment-casting mold. The dimensions of the cast ingots were 250 mm long × 40 mm wide × 20 mm tall. The chemical composition analyzed using a quantitative chemical analysis of steel (instruments used: ICP-AES Perkin Elmer (PerkinElmer, Waltham, MA, USA), Eltra CS800, Eltra ON (Eltra GmbH, Haan, Germany)) is given in Table 1.



2.1. Sampling


The samples were taken from within the ingot. The specimens were cut 3 mm from the outer surface: (a) 10 mm from the outer surface, (b) and 20 mm from outer surface, and (c) the center of the ingot.




2.2. Annealing


The selected samples were then annealed in an air atmosphere in a Nabertherm furnace LT 9/11 (Nabertherm GmbH, Lilienthal, Germany). The annealing temperatures were 1050 °C, 1150 °C and 1250 °C, with soaking times of 5 and 40 min.




2.3. Metallographic Analyses


The metallographic samples were prepared by grinding with paper from P180 to P1200, polished with diamond and polish buff, and finally etched with aqua regia. Metallographic analyses of the microstructures were performed using optical microscopy (OM) with a Nikon mikrophot—FXA (Nikon, Tokyo, Japan).



In addition, scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS) were used to analyze the chemical compositions of the samples (Jeol JSM-6500F (Jeol LTD., Tokyo, Japan), with an Inca Energy 450, detector type INCA X-SIGHT LN2 (Oxford Instruments, Abingdon, UK). The samples were analyzed with an accelerating voltage of 15.0 kV and an energy resolution of 10 eV.



The ferrite fractions were measured using a magnetic method, with a Fischer Feritscope MP30 (Helmut Fischer GmbH, Sindelfingen, Germany), which non-destructively (NDT) measures the ferrite content in range of 0.1% to 80% Fe or 0.1% to 95.5% FN (magnetic induction method) in austenitic or duplex stainless steels, with the uncertainty of the measurement being ±0.4 vol.%.




2.4. Thermodynamic Calculations


Thermodynamic calculations were performed with the Thermo-Calc software (version 2017a, Thermo-Calc Software AB, Solna, Sweden) [30] using database TCFE8 for steels/Fe-alloys V8.1. Phase equilibria for the composition (wt.%) of Fe-(16-24)Cr-0.023 C-0.75 Si-1.52Mn-10.8 Ni-2.62Mo-0.017S and the volume fractions of polymorphous equilibrium phases for the laboratory-prepared SS2343 stainless steel were calculated [11,12,29].





3. Results and Discussion


According to the chemical composition given in Table 1 and Equations (1) and (2), the Creq/Nieq ratio is 1.62. Generally, for Creq/Nieq in the range 1.48 < Creq/Nieq < 1.95, δ-ferrite is the primary phase and austenite is also formed with a peritectic reaction in the two-phase region (eutectic) of solidification. Phase equilibria for the composition (wt.%) of Fe-(16-24)Cr-0.023C-0.75Si-1.52Mn-10.8Ni-2.62Mo-0.017S were calculated in the temperature range 400–1600 °C and the results are presented in the form of a vertical section of the phase diagram in Figure 1. In the vertical section of the phase diagram, ten areas corresponding to the equilibria are illustrated, while ten phases of equilibrium exist. The phase equilibrium consist of f.c.c. (austenite), b.c.c. (δ-ferrite), M23C6 carbides, and the intermetallic σ sigma phase and χ chi phase.



The volume fractions of polymorphous equilibrium phases were predicted [30] for the composition Fe-17.4Cr-0.023C-0.75Si-1.52Mn-10.8Ni-2.62Mo-0.017S in wt.% (SS2343 steel) in the temperature range 700–1500 °C (Figure 2). Delta ferrite (δ) is a high-temperature version of ferrite formed during the solidification of austenitic stainless steels. It is an undesirable phase because it can form sigma phase (σ) [11,28]. The σ-phase is an intermetallic compound with iron and chromium; it is hard and brittle and can cause various problems during the hot forming of steels. Moreover, it also increases the tendency for pitting corrosion [1]. The M23C6 carbides are chromium-based, but they also contain a small proportion of tungsten, molybdenum, vanadium and iron.



The thermodynamic calculation revealed stable δ-ferrite in the temperature range 1205–1438 °C. The highest volume fraction of this phase, about 47%, is predicted for temperatures between 1400 °C and 1419 °C. The measured content of δ-ferrite in an as-cast ingot of SS2343 stainless steel lies between 10.7% and 14.6 vol.%, where the amount of δ-ferrite is slightly lower at the surface of the ingot, due to the higher rate of cooling. The δ-ferrite fraction content (vol.%) in the as-cast ingot is, on average, 12.51 vol.%. The ferrite content after annealing decreases with a higher annealing temperature and with a longer annealing time. At a temperature of 1150 °C, for 5-and 40-min annealing times, we have minimum amounts of δ-ferrite of 5.07 and 2.64 vol.%, respectively. With further increasing of the annealing temperatures, the vol.% of ferrite increases again. At 1250 °C for 5 or 40 min of annealing time, the measured δ-ferrite content is 6.17 and 5.52 vol.%, respectively. From Figure 2, one can see that under equilibrium conditions at 1250 °C, there is about 8% ferrite present.



From estimates of both the as-cast and the annealed percentages of δ-ferrite, f/fo vs. time can be plotted for each heat of annealing. Here, f/fo is the fraction of the ferrite remaining and time refers to the actual amount of time in the furnace. F0 is the initial content of ferrite (as-cast state), f is the content at a certain time and annealing temperature. The plots for the various temperatures and for 5- and 40-min annealing times can be seen in Figure 3. The line dissolution of δ-ferrite in each case is at the best location, which was determined using linear regression. The largest reduction of δ-ferrite was achieved at 1150 °C.



The delta-ferrite microstructure-morphology in the cast structure and the transformation during heat treatment are shown in Figure 4 and Figure 5. A series of photographs was taken. The microstructure of the as-cast state of the SS2343 stainless steel and the typical morphology of δ-ferrite at sub-surface (a), intermediate (b), and center of the ingot (c) are shown in Figure 4. A typical evolution of the morphology of the δ-ferrite microstructure after 5 min annealing at 1050 °C, 1150 °C and 1250 °C is shown in Figure 5.



In the as-cast microstructure close to edge (Figure 4a) there is the skeletal ferritic network (vermicular), and at the center it becomes a lathy (Figure 4c), finer structure. The vermicular is aligned skeletal network. Their orientation is along the heat flow direction. The ferrite present is the remnants of the primary and dendrite arms. The lacy morphology is characterized by an interlaced ferrite network oriented along the growth direction. The acicular morphology is a random arrangement of needle-like ferrite distributed in an austenite matrix. The final morphology is globular morphology. It is characterized by ferrite in globules which are randomly distributed in a matrix of austenite.



After annealing at 1050 °C (Figure 5a–c), single partially enclosed residues of ferritic networks (lathy) are detected. In the case of 5 min of annealing at 1150 °C (Figure 5d–f), the ferritic network is no longer seen. There was reduction in the ferrite’s volume fraction observed and increase in the average size (acicular shape) and the roundness of the ferrite. After annealing at 1250 °C (Figure 5g–i), the ferrite volume fraction increased in terms of the size of the individual ferrite island and the change of its shape to more spherical. With a higher temperature of annealing, a reduction of the ferrite volume fraction and ferrite spheroidization are pronounced. In the microstructures, the bright background is the austenitic matrix, while the dark phases represent δ-ferrite.



In Figure 5, showing the progress of δ-ferrite dissolution, the images to the left part of each of these figures are of the vermicular structure, which is located along the surface of the specimen or ingot. The lathy ferrite structure becomes located in the center regions of the ingot. It appears that the pools of δ-ferrite simply dissolved as the heat treatment took place. It seems that an amount of spheroidization did take place, especially in the final stages. It appears that the vermicular structure developed in the dissolution process at a slightly higher rate than did the lacy structure. These observations are in good agreement with previous studies [25,31,32,33,34]. During the dissolution process the various morphologies of the ferrite tend to lose their elongated shapes and move toward spheric ones. This softening of the ferrite phase may consequently produce beneficial mechanical properties [35].



Microstructural changes taking place during the heat treatment of stainless steel are complex [23]. A visual assessment of the specimen’s microstructure suggests some differences, both in terms of the morphology and the distribution of the ferrite. In general, an elevated-temperature treatment leads to the dissolution of the metastable ferrite [23]. In addition, it was noticed that the dendritic network of the ferrite breaks down and tends to spheroidize. After annealing, a reduction of the ferrite content is observed, and accompanied by an increase in the size of the individual ferrite islands and a change in shape to more spherical. The difference in the free-energy levels of the metastable ferrite and the stable transformation products acts as the driving force for the dissolution process. As a result of the spheroidization process, the ratio of the surface area to volume of the ferrite particles decreases considerably, and this leads to a net reduction in the interfacial energy [23]. This can provide some advantages with regard to the crack-initiation property of the material [24].



Significant differences in the chemical composition that exist in the solute concentrations of the ferrite and austenite phases were identified. It is expected that such compositional inhomogeneities stemming from non-equilibrium solidification would disappear with heat treatments at high temperatures. SEM/EDS analyses demonstrate (see Figure 6, and Table 2) that the ferrite phase of the cast microstructure is enriched in chromium and molybdenum and depleted in nickel.



The contents of chromium, nickel and molybdenum in wt.%, and their distribution between the δ-ferrite and austenite with respect to the temperature and time of annealing for the SS2343 stainless steel are shown in Figure 7 and Figure 8. The annealing times were 5 min and 40 min. The δ-ferrite is enriched with chromium and molybdenum, while it is depleted in nickel, irrespective of the temperature and the annealing time. It is believed that such compositional inhomogeneities stem from the non-equilibrium solidification. It is worth noting that the electron beam size in the EDS analysis is smaller than ferrite grains. Such an analyzed volume does not detect the austenitic grains.



Significant differences exist in the solute concentrations of the ferrite and austenite phases. Figure 7 shows that for the same annealing time, the chromium content in the δ-ferrite decreases slightly at higher temperatures. However, the chromium content in δ-ferrite is slightly higher for an annealing of 40 min. Molybdenum behaves similarly. However, the nickel content in the δ-ferrite increases with a higher temperature and a longer annealing time.



The chemical composition of the austenite is almost independent of the temperature and annealing time. The deviations of the measured contents of chromium, nickel and molybdenum are much lower in the δ-ferrite than in the austenite for an annealing time of 40 min. In Figure 8 are presented the cumulative concentrations of the elements Cr, Ni and Mo in the matrix of austenitic stainless steel, particularly for the individual changes in the concentrations of Cr, Ni and Mo in the ferrite and austenite. The cumulative for Cr is calculated as   C  r  Vol . % . cum   =  (   V A  ∗ C  r  Vol . % . A   +  V F  ∗ C  r  Vol . % . F    )  / 100 ,   where VA and VF are volume fractions of ferrite and austenite and VA +VF =100. Cumulative for Ni and Mo are calculated in the same way. The curves are held on the side of the austenite, because the proportion of austenite is increasing from 87.5% in the as-cast state to 93.1% or 94.5% in the annealed state.



Microstructural changes after annealing revealed that the ferrite phase, originally present in a dendritic morphology, tends to break up and spheroidize. The δ-ferrite morphology varies from vermicular, lacy and acicular shapes to globular for higher temperatures and for longer exposure times, since the temperature and time are important for diffusion processes. The two morphologies present in the as-cast microstructure both tend to progress to a spheroidized morphology. In the δ-ferrite after annealing, concentrations of Cr and Mo decrease, and conversely the concentration of Ni increases. All by small, but significant, amounts. The dissolution process is interface diffusion controlled at δ-γ interfaces. The Cr depletion in ferrite increases its instability and enhances its dissolution. Dissolution kinetics was controlled by volume diffusion of Cr, Ni and Mo [23,33].



The nature of the compositional changes is closely related to the specific sequence of transformations that the ferrite phase undergoes before its final disappearance. The former process would require that any compositional differences between the ferrite and the austenite phases would diminish during heat treatment, resulting in homogenization with the austenite matrix. The latter reaction would cause these compositional differences to either be sustained or marginally enhanced [23]. This is probably what has happened for chromium, molybdenum and nickel in the ferrite in this case. The observed changes in the solute concentration could be explained as being the result of the transformation of ferrite into austenite and sigma phases [23].



Most of the scientific literature on δ–ferrite dissolution states that increasing annealing time and temperature promote the dissolution of δ–ferrite. Our study on δ–ferrite dissolution of austenitic stainless SS2343 has shown, that at 1250 °C δ–ferrite fraction is increasing when compared to lower annealing temperatures and shorter annealing times. This is contradictory to the existing literature [31,32,33,34] except to the results reported by Saied on Fe-Cr-Ni austenitic steel [4]. Results of his study clearly show that for the studied Fe-Cr-Ni austenitic steel δ–ferrite dissolution is not decreasing with increasing annealing temperature and time. In his study it is clearly shown, that with annealing temperatures above 1280 °C (regardless of annealing time), the content of δ–ferrite increases. Furthermore, first increases in δ–ferrite content is detected as low as at 1200 °C. One can conclude, that the δ–ferrite dissolution dynamically depends on both, temperature and time. A widely accepted assumption, that δ–ferrite dissolution process increases with increasing annealing temperature and time thus seems not to be optimal, at least for the Fe-Cr-Ni austenitic steel studied by Saied [4].



In our study, austenitic stainless steel SS2343 has significantly different chemical composition compared to Fe-Cr-Ni austenitic steel studied by other authors e.g., [4,31,32,33,34]. Based on comparison of Saied [4], and experimentally obtained data of our study, it can be concluded that (1) δ–ferrite dissolution is not monotonically decreasing with increasing annealing temperature and time, and (2) that the δ–ferrite dissolution should be carefully studied for every individual alloy. Furthermore, equilibrium (better transient) values of δ–ferrite seems to change or depend (as function of annealing temperature and time) on chemical composition of base alloy. And that was the purpose of present study—determination of δ–ferrite dissolution of the SS2343.




4. Conclusions


The solidification behaviors of laboratory cast austenitic SS2343 stainless steel in terms of the volume fraction of δ-ferrite in the as-cast state and the transformation after subsequent annealing were investigated in the temperature range from 1050 °C to 1250 °C. It solidifies in the ferrite-austenite mode (FA), where the formation of the austenite takes place following the primary ferrite. With further cooling at room temperature, a large amount of ferrite is consumed by the austenite as part of a diffusion-controlled solid-state transformation. After annealing, the volume of δ-ferrite is decreasing when increasing the temperature and time of the annealing.



	
After annealing at 1150 °C at 5 and 40 min, the content of δ-ferrite was reduced to 5.0 and 2.64 vol.%, respectively. Thus, about 60% or 80% the δ-ferrite is transformed by annealing.



	
After annealing at 1150 °C, the δ-ferrite dissolution and transformation process initiates in secondary arms and progresses also in primary arms, where dendritic network of δ-ferrite tends to break down and spheroidize.



	
After annealing at 1250 °C, the dissolution of δ-ferrite was only ~50%. Morphologically is remaining δ-ferrite mostly spherical.



	
Concentrations of Cr, Ni and Mo in the δ-ferrite during annealing are diffusion controlled and are approaching toward concentrations in matrix of SS2343.
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Figure 1. Vertical section of the phase diagram predicted for the Fe-(16-24)Cr-0.023C-0.75Si-1.52Mn-10.8Ni-2.62Mo-0.017S system. 
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Figure 2. Calculated volume fractions of phases for SS2343 stainless steel depending on the temperature. 
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Figure 3. Comparison of the ferrite dissolution data for various heat treatments of SS2343 stainless steel. 
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Figure 4. Optical micrographs of δ-ferrite in the as-cast microstructure. Locations are 3 mm (a), 10 mm from edge (b), and center of the ingot (c). 
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Figure 5. Evolution of morphology of δ-ferrite in microstructure after 5 min annealing at 1050 °C (a–c), 1150 °C (d–f), and 1250 °C (g–i). Locations are 3 mm (a,d,g), 10 mm from the edge (b,e,h), and center of the ingot (c,f,i). 
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Figure 6. A representative SEM–EDS analysis of as-cast microstructure of SS2343 stainless steel. 
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Figure 7. Content of chromium (a), nickel (b) and molybdenum (c) in the δ-ferrite and austenite depends on the temperature and time of annealing for the SS2343 stainless steel. 
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Figure 8. Distribution and cumulative concentrations of chromium (a), nickel (b) and molybdenum (c) in the δ-ferrite -f- and austenite -a after annealing for 5 or 40 min; concentration markers: Δ 5 min f, × 40 min f, ◊ 5 min a, ∗ 40 min a. 
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Table 1. Chemical composition of SS2343 austenitic steel in wt.%.
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	Element
	C
	Si
	Mn
	Cr
	Ni
	Mo
	Ti
	Al
	P
	S
	N





	wt.%
	0.023
	0.75
	1.52
	17.4
	10.8
	2.62
	0.005
	0.009
	0.052
	0.017
	0.0135



	tolerance wt.%
	±0.003
	±0.02
	±0.05
	±0.2
	±0.2
	±0.05
	±0.001
	±0.001
	±0.002
	±0.002
	±0.002
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Table 2. EDS results in wt.% of the analyzed δ-ferrite (spectra 1, 2) and austenite (spectra 3, 4) in as-cast microstructure of SS2343 stainless steel.
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	Spectrum
	Si
	P
	S
	Cr
	Mn
	Fe
	Ni
	Mo





	1
	0.40
	0.00
	0.00
	25.37
	1.62
	63.14
	4.25
	5.21



	2
	0.47
	0.13
	0.00
	24.73
	1.40
	63.92
	4.84
	4.51



	3
	0.46
	0.00
	0.23
	18.40
	1.76
	68.36
	9.48
	1.30



	4
	0.44
	0.00
	0.00
	17.92
	1.48
	67.95
	10.51
	1.70
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