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Abstract

:

UNS S32707 hyper-duplex stainless steel (HDSS) parts with complex shapes for ocean engineering were prepared by selective laser melting (SLM) process. In the process of SLM, the balance between austenite and ferrite was undermined due to the high melting temperature and rapid cooling rate, resulting in poor ductility and toughness. The solution annealing was carried out with various temperatures (1050–1200 °C) for one hour at a time. The evolution of microstructures, mechanical properties, and corrosion resistance of UNS S32707 samples prepared by SLM was comprehensively investigated. The results indicate that a decrease in nitrogen content during the SLM process reduced the content of austenite, and a nearly balanced microstructure was obtained after appropriate solution annealing. The ratio between ferrite and austenite was approximately 59.5:40.5. The samples with solution treated at 1150 °C and 1100 °C exhibited better comprehensive mechanical properties and pitting resistance, respectively.






Keywords:


selective laser melting; hyper-duplex stainless steel; microstructure; mechanical property; corrosion resistance












1. Introduction


The UNS S32707 hyper-duplex stainless steel (HDSS) has excellent mechanical properties and corrosion resistance. The pitting resistance equivalent number (PREN = mass% Cr + 3.3 mass% Mo + 16 mass% N) is 49, and the critical pitting temperature (CPT) is 90 °C. This material has been widely used in marine engineering equipment [1,2]. The hot working performance of the HDSS is poor due to the high content of Cr, Mo, and N, leading to crack during hot rolling. Nitrogen escapes easily during welding, resulting in the performance of weld metal deteriorates [3,4]. In general, it is difficult to manufacture a duplex stainless steel, while the selective laser melting (SLM) is an effective technique to produce HDSS with the complex shapes. In detail, a higher relative density of duplex stainless steel can be obtained [5], and the precipitation of the σ phase and other harmful phases can be inhibited due to a rapid cooling rate [6].



In recent years, the austenitic stainless steel [7], precipitation hardening stainless steel [8], martensitic stainless steel [9], high manganese steel [10], super-duplex stainless steel (SDSS) [11,12,13,14] prepared using SLM were studied. Although SLM technology has a certain basis for the preparation of SDSS, SLM of HDSS with higher nitrogen content has rarely been reported. Shang et al. [15] have shown that the microstructure of UNS S32707 HDSS prepared by SLM from the powder prepared by plasma rotating electrode process (PREP) is mainly ferrite. Although it has high strength and hardness, the ductility and toughness of duplex stainless steel are poor due to the precipitation of nitride at ferrite grain boundary. In this study, the microstructure, mechanical properties and corrosion resistance at different solution annealing temperatures were examined. The objective is to obtain an UNS S32707 HDSS prepared by SLM with balanced austenite-ferrite arrangement, ideal tensile strength, ductility, toughness, and corrosion resistance.




2. Materials and Methods


The PREP process of UNS S32707 HDSS powder, the SLM parameters, and the samples size can be found in Shang et al. [15]. The chemical composition of the powder is shown in Table 1, and the median diameter of the prepared metal powder was 45 μm. The samples were water-quenched using an atmosphere-protected quenching furnace (OTF-1500X-80-VTQ, Hefei Kejing Materials Technology Co., Ltd., Hefei, China) following solution annealing at 1050, 1100, 1150, and 1200 °C, respectively. The sample numbers of different processing technologies are shown in Table 2.



The mechanical properties were measured by a WDW-10E microcomputer controlled electronic universal testing machine. The tensile specimens were built with a nominal gauge section of 25 mm length × 5 mm width × 2 mm thickness. Rectangular samples with the size of 55 × 10 × 10 mm were machined into V-notches for the impact test. The microhardness of the samples was measured by an HV-30 hardness tester. The nitrogen content in the powder and selective laser melted parts was measured by a LECO ONH 836 Oxygen Nitrogen Hydrogen Analyzer (LECO Corporation, St. Joseph, MI, USA).



The microstructure of the selective laser melted sample was observed by a Quanta 450 FEG scanning electron microscope (SEM) (FEI Company, Hillsboro, OR, USA). Prior to the SEM observations, the samples were electro etched in 10% oxalic acid at an operating voltage of 7 V for 25 s. An HKL Channel5 electron backscatter diffraction (EBSD) analysis system (Oxford Instruments, Oxford, UK) equipped in an FEI Quanta 650F field emission scanning electron microscope (SEM) (FEI Company, Hillsboro, OR, USA) was used to obtain inverse pole figure mappings and phase mappings with a step size of 0.3 µm and 0.5 µm at an acceleration voltage of 20 kV with a working distance of 13 mm. The EBSD samples were polished by Leica EMRES 102 argon ion polishing instrument (Leica Microsystems, Wetzlar, Germany). The samples were first polished at a voltage of 5 kV for 40 min, and then polished at a voltage of 4.5 kV for 50 min. The angle of the ion gun was 15 degrees (2 ion guns). Finally, the voltage was reduced to 3.5 kV, and the polishing time was 60 min at low voltage with the same angle of the ion gun. The microstructure was observed by an FEI Tecnai G2 F20 transmission electron microscope (TEM) (FEI Company, Hillsboro, OR, USA). TEM samples were first mechanically polished to a thickness of about 50 µm, followed by ion-beam milling in a Gatan 691 precision ion polishing system (PIPS) at 5 kV with a final polishing step at 1 kV of ion energies. An FEI Super-energy dispersive spectrometer (EDS) system equipped in an FEI Titan Themis spherical aberration electron microscope (FEI Company, Hillsboro, OR, USA) was used for a high-resolution energy surface scan test. The effect of nitrogen content on the austenite content was simulated by JMatPro software (JMatPro 7.0, Sente Software Ltd., Guildford, UK). The simulated solution annealing temperature was 1150 °C.



A Gill AC Bi-STAT electrochemical workstation was used to measure the potentiodynamic polarization curve at room temperature in 3.5% NaCl solution. The classical three-electrode system is as follows: Saturated calomel electrode as the reference electrode, platinum electrode as the auxiliary electrode, and sample as the working electrode. The tests were recorded at a scan rate of 20 mV/min and ranged between −150 and +2000 mV. Prior to the corrosion testing, the samples were electro polished in 10% oxalic acid at an operating voltage of 12 V for 25 s. The composition of the passive film was analyzed by a Thermo Scientific ESCALAB 250Xi X-ray photoelectron spectroscopy (XPS) (Thermo Fisher Scientific Inc., Waltham, MA, USA), the source of X-ray excitation was Al Kα, and the vacuum of analysis chamber was 10−9 mbar. The high resolution spectrum of XPS was resolved by PeakFit software (PeakFit 4.12, Seasolve Software Inc., Framingham, MA, USA).




3. Results and Discussion


3.1. Microstructure


The XRD diagrams of samples processed by different technologies are shown in Figure 1. It can be seen that the samples prepared by SLM are mainly composed of ferrite phase, whereas the solution treated samples at 1050 °C were mainly composed of austenite and the σ phase, and mainly composed of ferrite and austenite phases for samples treated at 1100–1200 °C, respectively. The TEM bright-field image in Figure 2a shows that dislocations were found in the S1 sample, suggesting that the high stress caused by rapid cooling led to the appearance of dislocations. Dislocations provide a driving force for recrystallization during solution annealing [14]. The scanning transmission electron microscope-energy dispersive spectrometer (STEM-EDS) mapping of Figure 2b,c shows that the nanoscale Cr2N were found at the ferrite grain boundary.



The EBSD inverse pole diagram and phase distribution diagram of samples with different solution annealing processes are shown in Figure 3. Table 3 shows the proportion of phases and grain size of samples with different solution annealing processes. As shown in Figure 3, 10% of the σ phase and 88% of the γ2 phase are precipitated from ferrite by eutectoid transformation [16,17]: α →σ + γ2 at 1050 °C. In the temperature range of 1100–1200 °C, the grain size and the ferrite content increased gradually, while the austenite content decreased gradually with the increment in solution annealing temperature. The γ2 phase nucleated only along the recrystallized ferrite grain boundary at 1200 °C [18]. The nitrogen content of HDSS powder decreased from 0.36% in powder state to 0.24% in selective laser melted state [15]. Nitrogen is an austenite-forming element, suggesting that its decrease resulted in the decrease of the austenite content after solution annealing, and it is not possible to achieve 50-50% ferrite-austenite ratio due to the nitrogen loss. Figure 4 shows the relationship between nitrogen content and austenite content of UNS S32707 HDSS simulated by JMatPro software. The simulated result shows that the decrease in nitrogen content reduced the austenite content by 10%.




3.2. Mechanical Properties


Table 4 shows the mechanical properties of specimens processed with different conditions. The S1 specimen has high strength, hardness and relative density, relatively low ductility and toughness [15]. The strength and ductility of the S2 samples decrease rapidly due to the precipitation of the σ phases. In the temperature range of 1100–1200 °C, the strength and hardness decreased gradually while the elongation and section shrinkage increased gradually due to recrystallization and grain growth with the increase of solution annealing temperature. Lastly, the table also shows that the sample solution treated at 1150°C for one hour had better comprehensive mechanical properties compared to the others. Figure 5 is the tensile fracture and impact fracture morphology of the S4 specimen, which is characterized by ductile fracture. There are some pores in the parts prepared by SLM with relative density of 98.2%. The laser energy density, laser scanning strategy, and powder properties will affect relative density. In order to obtain fully compact parts, further densification by hot isostatic pressing can further improve the mechanical properties. Therefore, it is understandable that the mechanical properties prepared by SLM are lower than that of welded and seamless pipe required in ASTM A790 standard.




3.3. Corrosion Resistance


Figure 6 shows the potentiodynamic polarization curve of samples processed with different conditions. The results of electrochemical experiments are shown in Table 5. Table 5 shows that the pitting potential of the S3 sample solution treated at 1100 °C for one hour was relatively higher (1196 mV) compared to the others. The ratio of α to γ of the S3 sample was 59.5:40.5. This suggests that good phase arrangement gave the material better pitting resistance. Table 5 also shows that the pitting potential of the S2 sample with σ phase precipitation is the lowest (1055 mV). Zhang et al. [19] studied the transformation mechanisms of the σ phase in UNS S32707aged at nose temperature, the σ phase preferentially formed along the α/α and α/γ phase boundaries and then penetrated into α phase, resulting from the eutectoid reaction α → γ2 + σ. Meanwhile, a few σ phases nucleated at the γ/γ phase boundaries. The precipitation of the σ phase in S2 may have led to poor Cr at α/α, α/γ, γ/γ, α/σ, and γ/σ phase boundaries, which resulted in decreased pitting resistance. Figure 7 shows the EDS spectrum of the α and γ phases in the S3 sample. The element distribution of the α and γ phases is shown in Table 6. In the α phase, Cr, Mo, and other α-forming elements were enriched. In the γ phase, the γ-forming element of Ni was enriched. The results of references [20,21] show that the solubility of nitrogen in ferrite is generally less than 0.05%. The ratio of α to γ of the S3 sample was 59.5:40.5. It can be estimated that the nitrogen content of ferrite and austenite in the S3 sample is 0.05% and 0.52%, respectively. The PREN (PREN = mass% Cr + 3.3 mass% Mo + 16 mass% N) of α and γ were 50.7 and 50.6, respectively. The pitting potential of the S4 and S5 samples is very close and difficult to distinguish. Figure 6 shows that the S4 sample presents a notable re-passivation process after its breakdown with the increment of the potential from 0.6 to 1.0 VSCE, while S5 shows a relatively higher dissolve rate with the increased potential from 0.6 to 1.1 VSCE. This indicates that the passive films of the S4 sample are much more stable than that of S5. Zheng et al. [22] found that more grain boundaries due to grain refinement could improve the chromium diffusion and promoted to the forming of compact passive film for the duplex stainless steel. In this study, the grain size of the S4 sample is smaller than that of S5, which is beneficial to the corrosion resistance of S4 with the refined grain size.



Figure 8 shows the full spectrum of XPS on the surface of the S3 sample after solution annealing at different sputtering depths. As shown in Figure 8a, C, O, N, Fe, and Cr were notable, while Mo and Ni were weak before sputtering. Furthermore, Figure 8 shows that the surface of the passivation film is mainly composed of compounds formed by Fe, Cr, N, and O. As shown in Figure 8b,c, the intensity of C1s peak decreases greatly after sputtering, which indicate that the C peak in Figure 8a comes from the contamination of the vacuum chamber. The decrease of N1s peak indicates that N was mainly concentrated on the surface of the passive film. The strong peaks at the positions of Fe2p and Ni2p indicate that Fe and Ni elements mainly existed in the interior of the passive film. Lastly, Figure 8 also shows that the XPS spectra of the samples remain after different sputtering depths (1 nm and 2 nm), indicating that the chemical composition of the passivation film was relatively stable in the thickness of 1 nm to 2 nm.



Figure 9 shows the result of the high-resolution XPS spectrum of O1s at different sputtering depths by PeakFit. As shown in Figure 9a, XPS spectra of O1s had three peaks before sputtering, corresponding to binding energies 529.5, 531.3, and 533.1 eV, respectively. According to the binding energy values of O1s reported by Wang et al. [23], the first peak is the characteristic peak of M-O compound, corresponding to O2−, the second peak is the characteristic peak of M-(OH) or M-(OH)2 compound, corresponding to OH−, and the third peak is the characteristic peak of H2O. The characteristic peak of 533.1 eV disappeared after sputtering, indicating that the water on the surface of the passivation film came from residual water on the electrode surface. From Figure 9b,c, it can be seen that the O1s high-resolution spectra of sputtered samples only had a characteristic peak of O2− after spectral analysis, which indicates that oxygen in the passive films mainly exists in the form of oxides.



Figure 10 shows the high resolution XPS spectra of Mo3d5/2 and N1s with different sputtering depths. Mo mainly exists in the form of Mo42− with a corresponding binding energy of 231.8 eV before sputtering. When sputtering depth is 1 and 2 nm, Mo mainly exists in MoO2 form with a corresponding binding energy of 231.2 eV. N mainly exists in the form of NH4+ with a corresponding binding energy of 399.8 eV before sputtering. When the sputtering depth is 2 nm, the peak of NH4+ disappears and N exists in the form of Cr2N with a corresponding binding energy of 397.5 eV.





4. Conclusions


This study has shown that UNS S32707 HDSS prepared by the SLM process can obtain a nearly balanced two-phase structure of ferrite and austenite through the appropriate solution annealing process, which can significantly improve the ductility and toughness. The nitrogen content reduced by 33% in the SLM process, resulting in the imbalance of the two phases and the reduction of the austenite content. The samples with solution treated at 1150 °C for one hour had better comprehensive mechanical properties, the measured tensile strength, the yield strength, the elongation, the section shrinkage, the microhardness, and the impact absorption energy were 901 MPa, 658 MPa, 36.4%, 48.4%, 291.5 HV, and 132 J, respectively.



The samples with solution treated at 1100°C for one hour had better pitting resistance. The pitting potential was 1196 mV. The surface layer of passive film is mainly composed of oxides of Fe and Cr and hydroxide compounds. NH4+ adsorbed on the surface of passive film and protected the passive film. The inner layer of the passive film is mainly composed of metal elements, Cr2N and oxides of Fe, Cr, and Mo.
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Figure 1. The XRD diagrams of samples processed by different technologies. 
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Figure 2. TEM morphology of the S1 sample (a) TEM bright field image; (b,c) scanning transmission electron microscope-energy dispersive spectrometer (STEM-EDS) mapping image. 
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Figure 3. The electron backscatter diffraction (EBSD) diagram of different solution annealing processes (a–d) inverse pole figure and (e–h) phase distribution figure; (a,e) S2; (b,f) S3; (c,g) S4; (d,h) S5. 
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Figure 4. The relationship between nitrogen content and austenite content of UNS S32707 HDSS simulated by JMatPro software. 
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Figure 5. The fracture morphology of the S4 specimen (a) tensile fracture; (b) impact fracture. 
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Figure 6. The potentiodynamic polarization curve of samples processed with different conditions. 
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Figure 7. The EDS spectra of the S3 sample. 
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Figure 8. XPS full spectrum of the S3 sample after solution annealing with different sputtering depths (a) 0 nm; (b) 1 nm; (c) 2 nm. 
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Figure 9. Narrow XPS of O1s with different sputtering depths (a) 0 nm; (b) 1 nm; (c) 2 nm. 
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Figure 10. The high resolution XPS spectra of Mo3d5/2 (a) and N1s (b) at different sputtering depths. 
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Table 1. Chemical composition of UNS S32707 hyper-duplex stainless steel (HDSS) powder.
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	Element
	Cr
	Ni
	Mo
	N
	Si
	Mn
	Co
	Cu
	Al
	C
	O
	Fe





	mass%
	27.19
	6.48
	5.00
	0.36
	0.58
	1.5
	1.03
	0.98
	0.02
	0.02
	0.018
	Bal.
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Table 2. The sample numbers of different processing technologies.
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	Processing Technology
	Sample Number





	SLM
	S1



	SLM+ solution annealing (1050 °C × 1 h) + water quenching
	S2



	SLM+ solution annealing (1100 °C × 1 h) + water quenching
	S3



	SLM+ solution annealing (1150 °C × 1 h) + water quenching
	S4



	SLM+ solution annealing (1200 °C × 1 h) + water quenching
	S5



	Casting bar UNS S32707 for PREP+ solution annealing (1150 °C × 1 h) + water quenching
	S6



	Welded and seamless UNS S32707stainless steel pipe (ASTM A790)
	S7
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Table 3. The proportion of phases and grain size of samples with different solution annealing processes.
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	Sample Number
	The Content of Ferrite Phase/vol. %
	Average Grain Size of Ferrite/µm
	The Content of Austenite Phase/vol. %
	Average Grain Size of Austenite/µm
	The Content of Sigma Phase/vol. %
	Average Grain Size of Sigma Phase/µm





	S1
	98.5
	3.68
	0.2
	1.66
	-
	-



	S2
	1.6
	1.24
	88.4
	2.27
	10.0
	1.08



	S3
	59.5
	4.21
	40.5
	2.80
	-
	-



	S4
	61.4
	5.72
	38.6
	3.96
	-
	-



	S5
	63.4
	7.58
	36.6
	5.25
	-
	-
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Table 4. The mechanical properties of specimens processed under different conditions.
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	Sample Number
	Tensile Strength/MPa
	Yield Strength/MPa
	Elongation/%
	Section Shrinkage/%
	Impact Absorbing Energy/J
	Hardness/HV





	S1
	1493 ± 6
	1391 ± 9
	13.2 ± 1
	24.1 ± 3
	18 ± 3
	528.7 ± 4



	S2
	593 ± 20
	-
	-
	-
	-
	523.8 ± 8



	S3
	941 ± 10
	665 ± 7
	24.6 ± 2
	25.8 ± 3
	-
	321.8 ± 7



	S4
	901 ± 4
	658 ± 10
	36.4 ± 2
	48.4 ± 2
	132 ± 5
	291.5 ± 6



	S5
	893 ± 1
	646 ± 3
	38.7 ± 2
	52.6 ± 3
	-
	286.7 ± 5



	S6
	851 ± 7
	614 ± 10
	29.2 ± 2
	59.4 ± 3
	128 ± 6
	285.4 ± 4



	S7
	920 (min)
	700 (min)
	25 (min)
	-
	-
	34 HRC (max)
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Table 5. The results of electrochemical experiments.
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	Sample Number
	Pitting Potential/mV





	S1
	1109



	S2
	1055



	S3
	1196



	S4
	1109



	S5
	1109
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Table 6. The element distribution of the α and γ phases (mass%).






Table 6. The element distribution of the α and γ phases (mass%).





	Phase
	Fe
	Cr
	Ni
	Mo
	N





	α
	58.51
	29.96
	5.49
	6.04
	0.05



	γ
	59.41
	25.81
	9.78
	5.00
	0.52
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