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Abstract

:

In this work, a large ingot of micro-nano structure 2507 duplex stainless steel was prepared in a single step using the aluminothermic reaction method. Chromium having different excess fractions were added to reaction powders to make up for evaporation loss, and the results show that the composition and structure of 2507 duplex stainless steel with a chromium excess ratio of 70% are satisfactory. The volume fraction of nanocrystalline in as-cast alloy was 41% and the average grain size was 34 nm. Additionally, the anticipated steels were rolled roughly with deformation of 40% at 1000 °C and followed by fine rolling with deformation of 30, 50 and 70%, separately, at 800 °C. Then, the effects of rolling deformation and precipitation on mechanical properties were studied in detail. Compared with the as-cast alloy, there was no phase transformation in the alloys with deformation of 30 and 50%, and they were still composed of γ and α phases, whereas the σ phase appeared in the alloy with deformation of 70%. When the deformation was 50%, the rolled alloy achieved the best performance, and the tensile strength, yield strength, and elongation were 912 MPa, 523 MPa, and 24.3%, respectively.
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1. Introduction


The 2507 duplex stainless steel is composed of ferrite (α) and austenite (γ) phases [1,2], and has high strength resulting from the ability of the α phase to resist chloride stress corrosion, in addition to the excellent plasticity and welding properties of the γ phase. Therefore, it is widely used in marine engineering, petrochemical, food, medical equipment, nuclear power, and other fields [3,4,5]. The current research of 2507 duplex stainless steel mainly focuses on improving its corrosion resistance and strength by alloying methods [6,7,8,9]; for instance, the chromium, molybdenum, nitrogen, and manganese alloying elements can not only improve the strength, hardness, and recrystallization temperature, but also obtain excellent pitting corrosion resistance, chloride ion corrosion resistance, and uniform corrosion resistance to acid due to the improvement in the stability of the passive film [10,11,12,13]. Moreover, the rare earth element cerium can improve the as-cast structure of steel and increase its plasticity and impact toughness. In addition to the alloying method, the hardness of 2507 duplex stainless steel can be significantly improved by increasing the precipitation amount of various phases (σ phase, τ phase, χ phase) by increasing the aging time [14,15,16]. However, these phases are hard and brittle intermetallic compound phases that significantly deteriorates the mechanical and corrosion-resistant properties of duplex stainless steel. Prokofiev, et al. developed a non-destructive test of the σ phase by magnetic saturation polarization and thermoelectric power measurements [17]. Berecz, et al. studied the effects of cold working on the phase transformations of duplex stainless steels and these transformations were identified as the formation of α’- and σ-phases [18]. It is known that a medium work hardening layer can be obtained with high residual compressive stress using the multiple shot peening treatment, which improves the surface quality, fatigue life, and wear resistance of the alloy [19]. Undoubtedly, the properties of steels can be improved by either alloying or special processing; however, these two methods also introduce challenges relating to composition control, the complex process, and cost.



In recent years, researchers have found that the grain size and micro-nano crystalline ratio can be adjusted to improve the performance of 2507 duplex stainless steels by changing the rolling temperature and deformation [20,21,22]. This method improves the properties without changing the composition, thereby providing potential new approaches for researchers in the field of engineering structural materials research and development; hence, this has become a popular topic in the research of nanomaterials [23,24]. The current methods for micro/nanocrystalline multiphase material preparation mainly include severe plastic deformation, powder metallurgy, and aluminothermic reaction [25,26,27,28]. Severe plastic deformation is used mainly to achieve grain refinement by the large plastic strain, and micro-nano crystalline multiphase materials, such as copper-based, aluminum-based, and iron-based materials, have been successfully prepared [28,29]. However, this method is not suitable for processing metals with high yield strength due to the limitation of the strength of the processing equipment and molds [6,30]. Powder metallurgy involves mixing a certain proportion of powders with different particle sizes and then sintering them into a block to obtain materials having different grain sizes. The common processing methods include hot isodiametric extrusion and spark plasma sintering, which have been used to obtain micro-nano structured pure titanium and titanium alloys, pure nickel, nickel alloys, etc. [31,32,33]. Although this method can obtain precise micro-nano crystalline ratios at an early stage, the alloy is prone to incomplete bonding, impurities, premature failure under tensile stress, or fracture before the start of the yield phenomenon in post-processing. In addition, Wang, et al. found that the variations in the volume fraction, grain size, grain orientation, and grain boundary angle distribution in SAF 2507 duplex stainless steel (DSS) can be optimized to improve the mechanical properties through large-∆T (large temperature range) thermal cycling [34].



Compared with the above methods, the aluminothermic reaction has the advantages of low cost, low energy consumption, and a simple process, through which larger-sized ingots can be obtained. The main principle of this method is that the oxidation-reduction reactions occur between aluminum and other metal oxides under the action of an ignition agent in the autoclave, and release a large amount of heat so that alloying element powders can be melted into liquid in a short time. The high thermal conductivity of the copper substrate is used to provide a large undercooling degree to prepare bulk material with a grain size mainly distributed at the nanometer and micrometer levels, and further through subsequent heat treatment and rolling to obtain microcrystals (<1 μm), ultrafine crystals (500–100 nm), and nanocrystals (<100 nm) [35,36]. Our research group has prepared large-scale micro-nanocrystalline duplex 304, 316 L stainless steel, hypoeutectoid steel, 1020 steel, 1045 steel, etc., using the aluminothermic reaction [12,35,36]. However, it was found that some elements, such as chromium, evaporated due to the high temperature in the reaction process, and be deposited on the furnace wall, resulting in a larger deviation between the designed and actual compositions. Thus, it is important to control the composition of the alloy prepared by this method.



This work is aimed to prepare micro-nano structure 2507 duplex stainless steels by aluminothermic reaction based on the previous research. In order to make up for the evaporation loss of chromium during the reaction, the excess weight ratios of 50%, 70%, and 100% of chromium were added to the reaction powders for preparing alloys. Further, the 2507 duplex stainless steels with satisfactory composition and structure were rolled roughly with deformation of 40% at 1000 °C, followed by fine rolling with deformation of 30, 50 and 70%, separately, at 800 °C. Then, the effects of rolling deformation and precipitation on mechanical properties were studied in detail.




2. Experimental


2.1. Material and Processing


In the present study, 2507 duplex stainless steels were prepared by aluminothermic reaction. The specific steps were as follows: first, the design composition of 2507 duplex stainless steels was determined to be 0.02 wt.% carbon, 24.98 wt.% chromium, 7.00 wt.% nickel, 3.99 wt.% molybdenum, 0.28 wt.% nitrogen, 0.50 wt.% manganese, 0.42 wt.% silicon, and 62.81 wt.% iron according to the standard chemical composition (Table 1). A total of 1500 g raw material powders was prepared according to the design composition, in which the ratio of ferric oxide to aluminum as reaction powders (purity ≥ 99 wt.%) was determined by Equation (1) [37], and the addition ratios of other elements were 0.01 wt.% carbon, 0.32 wt.% manganese, 0.45 wt.% silicon nitride, 4.45 wt.% nickel, 2.54 wt.% molybdenum, and 15.89 wt.% chromium. The proportion of 15.89 wt.% was defined as the no-excess benchmark of Cr content.


Fe2O3 + 2Al = 2Fe + Al2O3 (∆H = −852.28 kJ/mol)



(1)







It was mentioned in the introduction section that chromium is easy to volatilize during the aluminothermic reaction. Therefore, this element was dosed in excess based on the standard addition ratio, and the excessive weight percentages were 50, 70 and 100%. Then, the reactant powders and grinding balls in a ratio of 1:2 were placed into the stainless steel ball mill tanks of the QM-1SP4 planetary ball mill equipment, and were dry ground for 16 h at a speed of 150 r/min. Subsequently, the reactant powder was pressed into several cylindrical billets of Φ 85 mm × 15 mm and placed in the copper crucible with the surface igniting agents (3 g). Finally, the copper crucible was placed in the reaction vessel before the chamber door was closed, the reaction vessel was filled with 0.5 MPa argon to exhaust the air at room temperature, and the chamber was then heated to 180 ℃. Secondly, it was filled with argon at 5.0 MPa and heated again to 260 ℃. At this temperature, the igniting agents were ignited, thereby emitting a large amount of heat and then initializing the aluminothermic reaction. The alloys were taken out after the furnace cooled to room temperature. The as-cast steel ingots were 150 mm in diameter and 10 mm in thickness.



The as-cast alloys were cut into 100 × 50 × 5 mm3 cuboids by wire cutting and then rolled roughly with deformation of 40% at 1000 °C, followed by fine rolling with deformation of 30, 50 and 70%, separately, at 800 °C (denoted HR-30%, HR-50%, and HR-70%) using a two-roll hot rolling mill to eliminate casting defects and improve the ductility of the alloys. All samples were cooled to room temperature in air after rolling.




2.2. Microstructural and Mechanical Evaluation


The microscopic morphology and composition were analyzed using a JSM-6700F scanning electron microscope and its accessory, as X-ray energy dispersive spectroscope. The analysis of elemental distribution on the surface was carried out by an EPMA-1600 electron probe analyzer. The structure of alloys was characterized by a D8 ADVANCE X-ray diffractometer and a JEM2010 transmission electron microscope having an operating voltage of 200 kV. The transmission electron microscope samples were electrolyzed and thinned with a double-jet electrolyzer, and the electrolyte was 2 vol.% perchloric acid alcohol solution. A VH1102-01-0087 type Blauvis optical hardness tester was used to carry out the hardness test. A WDW-100D universal testing machine was used to carry out the tensile test at a cross speed of 0.2 mm/min, and the average value was repeated 3 times. The standard deviation was less than 5%. The tensile sample size is shown in Figure 1.





3. Results


3.1. Microstructure


The X-ray diffractometer patterns of the as-cast 2507 duplex stainless steel prepared with different chromium excess ratios show that, when the chromium excess ratios are 50 and 70%, the alloys are composed of γ and α phases, whereas when the excess ratio increases to 100%, it is completely composed of the α phase and free of the duplex structure, which obviously does not meet the requirements of 2507 duplex stainless steels shown in Figure 2. In addition, the change in the X-ray diffraction intensities of γ and α phases with the increase in the chromium excess fraction preliminarily shows that the structure of 2507 duplex stainless steels prepared by the aluminothermic method can be controlled by adjusting the excess fraction of chromium.



Compared with the standard composition, when the excess ratio of chromium is 70%, the chromium, molybdenum, nickel, and silicon contents in the alloy are basically in line with the composition requirement, and the manganese content is far less than 1.2 wt.%, as shown in Table 2. It should be noted that the difference between the measured and standard content of carbon element is easily attributable to the element’s light weight, which caused errors in the detection process. However, when the excess ratios of chromium are 50 and 100%, the chromium content is missing or in surplus, and manganese also cannot be detected.



As shown in Figure 2, the alloy is composed entirely of the α phase as the excess ratio of chromium is 100%, which is mainly due to the fact that chromium is the forming element of the α phase. Furthermore, according to the Schaeffer phase diagram, only the α phase can be formed when the alloy has the present composition. In comparison, when the excess ratio of chromium is 70%, the alloy composition is closest to the design requirements.



According to the scanning electron microscope morphology of the as-cast 2507 duplex stainless steel prepared with excessive chromium of 70%, it can be preliminarily judged that the convex phase is the γ phase and the concave phase is the α phase, as shown in Figure 3 [13]. The volume fraction of γ and α phases are 52 and 48%, respectively, based on the measurement of Image Pro Plus. The volume ratio meets the requirements of 2507 duplex stainless steel for the ratio of these two phases. By combining the EDS and XRD results, it can be concluded that 2507 duplex stainless steels can be obtained when the chromium excess ratio is 70%, which meets both the composition and the structure requirements.



The transmission electron microscope bright field image, dark field image, selected area electron diffraction pattern, and nanocrystalline grain size distribution of the as-cast 2507 duplex stainless steel prepared with excessive chromium of 70% are shown in Figure 4. In the bright field image (Figure 4a), the black area indicates the sub-micron or micro-crystal area, and the gray area corresponds to the white bright spot areas in the dark-field image, which are nanocrystals (Figure 4b). The selected area electron diffraction pattern is a series of continuous diffraction rings, indicating that there are many nanocrystals in the selected area. The calibration results reveal that the alloy is mainly composed of γ and α phases, but also contains a small amount of aluminum oxide particles. The volume fraction of nanocrystals is 41% and the average grain size is 34 nm, according to the statistics of ten dark field images produced by Image Pro Plus software; the histogram of the nanocrystalline grain size distribution is shown in Figure 4d. It can be seen that the size of nanocrystals is mainly distributed in the range of 20 to 45 nm.



The X-ray diffractometer patterns of the hot-rolled 2507 duplex stainless steel prepared with excess chromium of 70% show that the alloys are mainly composed of α and γ phases and the intensity of the diffraction peaks do not change with the deformation; Figure 5. However, in HR-70% alloy, there is a small quantity of the sigma (σ) phase in addition to the two main phases due to the eutectoid transformation, i.e., α → σ + γ2; this results from a long residence time, during which the ferrite phase transforms into σ and γ2 phases. The transformation time is generally 30 min.



It can be seen from the electron probe microanalysis backscattered electron images (BEIs) and the corresponding element mappings of 2507 duplex stainless steel with different rolling deformations at 800 °C that the alloys are composed of a gray α phase and a white γ phase; Figure 6. In the HR-30% alloy, the distribution of elements is fundamentally uniform, except for the mapping of aluminum; Figure 6a. As shown in Figure 6b, the segregation of aluminum disappears in the HR-50% alloy. In addition, iron-poor and chromium-rich regions appear in the HR-70% alloy (Figure 6c) and correspond to σ-precipitated regions according to the X-ray diffractometer results.




3.2. Tensile Tests


The stress–strain curves and the variation trend in the strength and elongation of hot-rolled 2507 duplex stainless steel are shown in Figure 7a,b, respectively. The tensile strength of HR-30%, HR-50%, and HR-70% alloys are 574, 912, and 817 MPa, and the yield strength are 555, 523, and 711 MPa, respectively, indicating that the tensile strength first increases and then decreases with the increase in deformation, but the yield strength shows the opposite trend. With the increase in deformation, the elongations are 8.3, 24.3 and 7.4%, respectively, which shows the same trend with tensile strength. Figure 7c shows that the hardness increases with the increase in rolling deformation, and approaches values of 294, 393, and 418 HV, respectively. However, according to the empirical conversion relationship between hardness and strength, using Equation (2) [39]:


   σ b  = 9.8 ×     2463622   3031 − HV   − 801  . 63     



(2)




it can be calculated that the tensile strengths of HR-30%, HR-50%, and HR-70% alloys are 965.15, 1296.19, and 1383.76 MPa, which shows a certain gap between the measured and calculated values of tensile strength. The strength converted by hardness is much higher than the actual tensile strength of the material. This is mainly due to the fact that there are trace pores and inclusions in the microstructure of the micro-nano alloy prepared by aluminothermic reaction. After hot-rolling deformation, some pores and other defects in the microstructure disappear, and the grain distribution is much uniform, resulting in the significantly improved mechanical properties of the material (HR-50%). It should also be noted that too many inclusions or precipitates will deteriorate the tensile properties and reduce the tensile strength of materials (HR-70%), but can increase the hardness of the material.



The main reason for this finding requires further analysis of their fracture morphologies. The HR-30% alloy has no obvious plastic deformation when viewed macroscopically, the size of the dimples is not uniform, the length and width of the dimples are not consistent, and there are a few cleavage planes, as shown in Figure 8a. It can be seen from the stress–strain curve that this alloy undergoes a ductile-brittle mixed fracture. The HR-50% alloy (Figure 8b) has obvious necking deformation in the macroscopic view. Dimples and tearing surfaces of different sizes can be clearly observed, and the fracture surface is not flat, indicating that the alloy undergoes a ductile fracture. However, in the HR-70% alloy (Figure 8c), a large number of dimples with inconsistent sizes and shallow depths can be observed. In comparison, this alloy does not show the best performance, which is mainly due to the appearance of σ, which reduced the toughness and the elongation. According to the comprehensive assessment of the properties and fracture morphologies, the HR-50% alloy achieves the best performance [40,41].



The chemical reaction heat released by the reduction of certain metal oxides with aluminum can be used to complete the oxide reduction reaction and obtain separated alloys and slags without the need for external heat supplementation. The aluminothermic reaction process is mainly used to produce ferroalloys and intermediate alloys containing high melting point metals and refractory elements. However, due to the fast reaction, it is difficult to achieve equilibrium conditions. As a result, there are more inclusions and precipitation in the subsequent hot-rolling process of alloy and stainless steel, which affects the mechanical properties of materials.





4. Discussion


According to the alloy composition and structure analysis, it can be seen that the micro-nano structure 2507 duplex stainless steels having compositions close to the design ratio can be successfully prepared by aluminothermic reaction. This is mainly because this preparation method can release a lot of heat; thus, all alloy elements can be fully melted in a short period. Due to the high temperature, the non-metallic elements in the alloy evaporate, melt, and float, thereby effectively purifying the melt. However, the evaporation of these nonmetals and chromium also causes the formation of pores during solidification. When solid crystal nuclei are formed in the super-cooled metallic liquids, both homogeneous and heterogeneous nucleation may occur simultaneously. Apparently, the metallographic results show that there are some small pores in the structure, and the transmission electron microscope analysis indicates that the distribution of nanocrystals is not very uniform. Therefore, the as-cast micro-nano structured alloy shows poor plasticity and is not conducive to subsequent processing due to the presence of nanocrystals and a small number of pores. Thus, it is necessary to further improve the microstructure of the alloy and adjust the nanocrystalline distribution.



In the rolling process of 2507 duplex stainless steel, the grain refinement is beneficial to improving the strength of the material with increasing rolling deformation. As nanocrystals will grow into submicron crystals when rolled at high temperature, their distribution is collectively determined by the rolling temperature and deformation. The stress distribution and plastic strain at the initial stage of rolling deformation are almost accommodated by ferrite, and then the load transfers from ferrite to austenite with a higher strain. In the softening mechanism of the ferrite phase in the rolling process, the dynamic recovery and continuous dynamic crystallization exist simultaneously, whereas the austenite phase comprises discontinuous dynamic recrystallization [38]. In addition, the grain breakage is more obvious with larger rolling deformation. This results in increases in the grain and phase boundaries, which delay the crack propagation and fracturing of the alloy. The deformation mechanism of micro-nano structured metals is still dominated by dislocation slip, and cracks grow along the boundaries of nanocrystals, so that the final fracture is caused by the strength mismatch between microcrystalline and nanocrystalline materials.



In the present work, there was a transformation from the α phase to γ phase with the increase in the rolling deformation at 800 °C for the 2507 duplex stainless steel prepared with excessive chromium of 70%. The hardness increased monotonically with the amount of deformation. However, the tensile strength and plasticity decreased significantly due to the eutectoid transformation in the HR-70% alloy, namely α → σ + γ2. The σ phase is a hard brittle intermetallic compound rich in chromium and molybdenum, which greatly reduces the ductility and toughness of duplex stainless steel [42,43]. Thus, with the continuous precipitation of the σ phase, the strength increases and the elongation reduces gradually.




5. Conclusions


In summary, 2507 duplex stainless steels having a micro-nano structure were prepared by a one-step method with the aluminothermic reaction. The comparative analysis shows that, for a chromium excess of 70%, a satisfactory composition and organization structure were obtained for the 2507 duplex stainless steel prepared by this method. In the as-cast steel, the volume ratio of the γ to the α phase was basically 1:1, the volume fraction of nanocrystals was 41%, and the average grain size was 34 nm. Further, the steels were rolled roughly with deformation of 40% at 1000 °C, followed by fine rolling with deformation of 30, 50 and 70%, separately, at 800 °C. The HR-30% and HR-50% alloys were also composed of γ and α phases, but, in the HR-70% alloy, the eutectoid reaction occurred to form the σ phase. The hardness of the alloy increased with the increase in the rolling deformation, and was 294, 393, and 418 HV, respectively. The tensile strength and plasticity first increased and then decreased with the amount of deformation; that is, when the deformation was 50%, the rolled alloy achieved the best performance and showed the characteristics of a ductile fracture. The optimized tensile strength, yield strength, and elongation were 912 MPa, 523 MPa, and 24.3%, respectively. Obviously, steel materials with excellent comprehensive properties can be obtained by adjusting the microstructure through the aluminothermic reaction and following the deformation process, which provides theoretical and experimental support for the development and popularization of such engineering structural materials.
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Figure 1. Schematic diagram of tensile sample (unit in mm). 
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Figure 2. The X-ray diffractometer patterns of 2507 duplex stainless steels prepared with excessive Cr of 50, 70 and 100%. 
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Figure 3. SEM image of 2507 duplex stainless steel prepared with excessive Cr of 70%. 
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Figure 4. The transmission electron microscope images of as-cast 2507 duplex stainless steels: (a) bright field image; (b) dark field image; (c) selected area electron diffraction pattern; (d) histogram of nanocrystalline grain size distribution. 
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Figure 5. The XRD patterns of hot-rolled 2507 duplex stainless steels. 
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Figure 6. The EPMA backscattered electron images (BEIs) of hot-rolled 2507 duplex stainless steels and their corresponding element mappings: (a) HR-30%; (b) HR-50%; and (c) HR-70%. 
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Figure 7. Mechanical properties of hot-rolled 2507 duplex stainless steel: (a) stress–strain curves; (b) strength and elongation; (c) hardness. 
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Figure 8. Fracture morphologies of hot-rolled 2507 duplex stainless steels: (a) HR-30%; (b) HR-50%; and (c) HR-70%. 
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Table 1. Standard chemical composition of 2507 duplex stainless steel [14,38].
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	Element
	C
	Cr
	Ni
	Mo
	N
	Mn
	Si
	Fe





	wt.%
	≤0.03
	24~26
	6~8
	3~5
	0.24~0.32
	≤1.2
	≤0.8
	Balance
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Table 2. The EDS results of prepared 2507 duplex stainless steel.
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Excess Percentage of Chromium

	
Composition (wt.%)




	
C

	
Al

	
Si

	
Mo

	
Cr

	
Mn

	
Fe

	
Ni






	
50%

	
1.76

	
0.36

	
0.65

	
4.39

	
20.87

	
0.00

	
65.31

	
5.99




	
70%

	
0.80

	
1.52

	
0.81

	
4.33

	
24.45

	
0.12

	
61.37

	
6.59




	
100%

	
0.08

	
1.12

	
0.87

	
3.67

	
27.81

	
0.00

	
61.10

	
6.59
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