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Abstract:



We have studied here the evolution of inclusions in ladle furnace (LF), Ruhrstahl & Heraeus furnace (RH), and simulated welded samples during Ti-Mg oxide metallurgy treatment and the mechanical properties of the heat-affected zone (HAZ) after high heat input welding. The study indicated that inclusions in an LF furnace station are silicomanganate and MnS of size range ~0.8–1.0 μm. After Mg addition, fine Ti-Ca-Mg-O-MnS complex oxides were obtained, which were conducive to the nucleation of acicular ferrite (AF). The corresponding microstructure changed from ferrite side plate (FSP) and polygonal ferrite (PF) to AF, PF, and grain boundary ferrite (GBF). After a simulated welding thermal cycle of 200 kJ/cm, disordered arrangements of acicular ferrite plates, fine size cleavage facets, small inclusions, and dimples all promoted high impact toughness.
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1. Introduction


During the steel-making process, clean steel is the main objective and inclusions are harmful to steel properties, such as toughness and strength [1,2]. However, with deep understanding, the concept of “oxide metallurgy” was proposed, where fine non-metallic inclusions are used to pin the grain boundaries and promote intragranular acicular ferrite (AF) transformation for enhancing the toughness of the heat-affected zone (HAZ).



In order to realize the optimum efficiency of oxide metallurgy, the process of steel making needs to be carefully controlled [3,4]. For high-strength, low-alloy steels, many researchers found that certain types of fine oxide inclusions with a high melting point could increase the toughness of the HAZ after high heat input welding [5,6,7]. Ti-containing oxides are well-known to act as nucleation sites for acicular ferrite, which can divide large austenite grains into many finer and separate areas consisting of a fine-grained microstructure [8,9,10]. Zhu et al. [11] found that the toughness of the HAZ in Ti-bearing low-carbon steels was improved by adding 0.005 wt % Mg. Xu et al. [12] studied the effect of Mg content on the toughness and microstructure of the HAZ after high heat input welding and found that with the increase of Mg content from 0 to 0.0099 wt %, the major microstructure in the HAZ changed from ferrite side plate (FSP), upper bainite (Bu), and grain boundary ferrite (GBF) to AF with the austenite size decreased from 437 μm to 122 μm. Miia et al. [13] reported the evolution during cooling of different types of Ti-oxide in C-Mn-Cr steel. Wang et al. [5] investigated the transformation behavior in Ti-Zr deoxidized steel. Besides the composition of inclusions, size is also an important factor: tough, large inclusions are harmful to mechanical properties. Entrapped inclusions can lead to internal cracks, blisters, and slivers in the rolled plates or during subsequent working operations [14].



Although a number of studies have investigated the properties of the HAZ, few studies have focused on the evolution behavior during the steel-making process. In this study, we present the composition, morphology, average size, and number density of inclusions in Ti-Mg-treated EH420 ship-building steel. The properties of the HAZ after thermal welding simulations are also explored.




2. Materials and Methods


The chemical composition of plain EH420 and EH420-Mg with Ti-Mg treatment is shown in Table 1. The production steps were: Si-Mn pre-deoxidation → ladle furnace (LF) refining → vacuum treatment in Ruhrstahl & Heraeus furnace (RH) → continuous casting. For EH420-Mg steel, in the step of LF refining, Ti-Fe, Ni-Mg alloy, and Nb-Fe were sequentially added. EH420 steel was used only for toughness comparison after the thermal welding simulation. The sampling positions of EH420-Mg were the LF furnace station, Ti-Mg treatment in the LF furnace, and vacuum treatment in the RH furnace, respectively. After casting, the ingots were both reheated to 1100 °C for 2 h and rolled into 30-mm plate by thermo-mechanically controlled processing (TMCP) with a cooling rate of 32 °C/s and a final cooling temperature of 570 °C.


Table 1. Chemical composition of experimental steel in wt %.





	Steel
	C
	Si
	Mn
	S
	P
	Ti
	Ca
	Nb
	Mg
	Ni
	O
	N





	EH420
	0.06
	0.12
	1.53
	0.008
	0.008
	0.015
	0.003
	0.014
	-
	0.28
	0.005
	0.005



	EH420-Mg
	0.07
	0.12
	1.65
	0.006
	0.005
	0.013
	0.003
	0.015
	0.003
	0.3
	0.003
	0.005









In order to compare the ability of AF nucleation by different types of inclusions and the change in microstructure from the LF furnace to the RH furnace, samples from a steel shop were machined to 3 mm in diameter and 10 mm in length for a continuous cooling transformation with Formastor-FΙΙ full-automatic transformation equipment. The specimens were heated to 1250 °C and held for 3 min then cooled at a rate of 20 °C/s to 570 °C and 5 °C/s to room temperature. To simulate welding, specimens from the EH420 and EH420-Mg were cut from the hot-rolled steel plate and machined into 11 × 11 × 55 mm3 for HAZ simulation using an MMS 300 machine (RAL, NEU, Shenyang, China), Rykalin 2D equipped with a welding software package. The peak temperature was 1400 °C with a heating rate of 100 °C/s and held for 2 s. The targeted heat input was estimated to be 200 kJ/cm. After the welding simulation, the specimens were machined to dimensions of 10 × 10 × 55 mm3 for a Charpy v-notch impact test at −20 °C.



After the test by a dilatometer and the thermal welding simulation, samples of EH420-Mg were etched with 4% nital and their microstructure was observed by optical microscope. The fracture surface of the impact test was examined using a scanning electron microscope (SEM), and the inclusions of each sample were analyzed via SEM equipped with an inclusion automatic analysis system and an energy dispersive spectrometer (EDS). In order to ensure the reliability of the EDS analysis, each sample was scanned and a large area (1.217 mm2) for EDS analysis at high magnification (3000×) was used. On the other hand, the EDS analysis was employed to exclude the possibility that pores and blots would be misunderstood as inclusions.




3. Results and Discussion


3.1. Evolution of Inclusions in EH420-Mg


The shape and composition of inclusions (atomic percentage) of each position are shown in Figure 1. The inclusions were mainly spherical. In Figure 1a (LF furnace station), it can be seen that the content of Mn was higher than that of S, which suggested that Mn did not exist in the form of a sulfide and consisted of silicomanganate and MnS. After Ti-Mg treatment in the LF furnace, the inclusions were Ti-Mg-O complex oxides and MnS precipitates. Nucleation of AF plates induced by inclusions was found, but individual MgO inclusions were not observed; Chai et al. [15] reported that MgO can be observed only when the content of Mg is ~60 ppm. On the other hand, Mg-containing inclusions easily float and the gasification of Mg and TiOx reduced by Mg can also lower the content. In the sample of vacuum treatment in the RH furnace, the inclusions in the core were mainly Ti-Ca-Mg-O because a reducing slag containing CaO was formed before the RH furnace and reduction reaction. Thus, the content of Ti and Mg was decreased.


Figure 1. Evolution of typical inclusions about shape and composition.(a) ladle furnace (LF) station; (b) Ti-Mg treatment in the LF furnace; (c) vacuum treatment in the Ruhrstahl & Heraeus furnace (RH); (d) after the thermal welding simulation.
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Figure 1d shows inclusions consisting of Ti-Ca-Mg-O oxides in the core and MnS precipitation on the surface in the welded sample. After continuous casting, the solidification structure in Fe-10% Ni alloy deoxidized by Mg was studied [16] and the results showed that columnar dendrites grew from grain boundaries into a columnar dendrite zone and the interdendritic spacing was decreased. Holappa et al. [17] observed that Mn and S were affluent in an interdendritic melt. Thus, Mg addition decreases interdendritic spacing and increases the segregation of Mn and S to promote precipitation of MnS. However, during the heating process of the thermal welding simulation, the solubility of Mn and S was increased and showed a favorable diffusivity [18]. A inclusion with a large interfacial area can promote multiple nucleations of MnS on its surface [19]. In addition, it was reported that Ti-Mg-containing oxides can partition Mn into inclusions according to the results of first principle calculation [20]. Hence, individual MnS inclusions were barely observed and precipitated on the surface of Ti-Ca-Mg-O oxides.



The statistical result of size distribution and number density (an intensive quantity used to describe the degree of concentration of particles in 1 mm2) in samples is shown in Figure 2. The number density of inclusions was 1508, 1320, 874, and 591 /mm2, and the average size was 0.83, 0.6, 0.47, and 1.67 μm, respectively. In Figure 1a, the size of inclusions was mainly in the range of 0.8–1.0 μm. In this range, due to the high oxygen content, some coarse inclusions of 2.0–5.0 μm were observed. After Ti-Mg treatment in the LF furnace, the number density of coarse inclusions was decreased due to collisions and a number of fine inclusions containing Mg were formed.


Figure 2. Size distribution, average size, and number density of inclusions in EH420-Mg: (a) LF furnace station; (b) Ti-Mg treatment in the LF furnace; (c) vacuum treatment in the RH furnace; (d) after the thermal welding simulation.
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The formation of inclusions can be divided into three stages: nucleation, growth, and Ostwald ripening [14]. In the beginning, inclusions mainly depend on the degree of supersaturation (S), the interfacial energy between inclusions and molten steel (γ), and the concentration product of the deoxidation equilibrium. The concentration product between Ti/Mg and O increases with time and the inclusions start to nucleate when critical supersaturation (CS) is achieved. Subsequently, S will decrease with the reaction of deoxidation and the process of nucleation ends when CS is again achieved. Prior to the balance of S = 1, the diffusion of particles will cease and Ostwald ripening occurs. If the value of S is lower and γ is higher, it is difficult for inclusions to nucleate and the areal density decreases. However, after feeding Ni-Mg alloy wires, the content of Mg and O in the LF furnace was 0.01% and 0.006%, respectively, and S[Mg][O] was high enough at 1600 °C to form fine and dispersed inclusions. Thus, this is the most important aspect of oxide metallurgy.



Vacuum treatment in an RH furnace reduces the number density of inclusions, but on the addition of Ca-containing cored wires, fine inclusions were formed, and the average size was refined to 0.47 μm. During the process of steel making, without considering the effect of collision and diffusion, inclusions grow following the theory of Lifshitz, Slyozov, and Wagner (LSW) [21,22]. At time t, the radius of an inclusion is related to the oxygen concentration and time, and because there is enough time for inclusions to grow, the oxygen concentration needs to be controlled to prevent coarsening. After the thermal welding simulation, the size distribution of inclusions in the EH420-Mg experienced a significant change. At a high temperature, oxides are partially dissolved and partial ripening occurs such that the number of inclusions of size range ~1–5 μm increases and those of less than 0.4 μm disappear.




3.2. Evolution of Microstructure in EH420-Mg


The microstructure at every sampling position from the steel shop after a thermal cycle by a dilatometer was observed and is shown in Figure 3. The microstructure in the LF furnace station was mainly composed of FSP and polygonal ferrite (PF) as shown in Figure 3a. It can be seen that oxides by Si-Mn deoxidation cannot induce nucleation of AF. Figure 3b shows the microstructure after Ti-Mg treatment in the LF furnace. The microstructure consisted of GBF, PF, and AF. FSP was also observed but the volume fraction was less. These results indicated that (Ti-Mg-O) oxides introduced by oxide metallurgy in an LF furnace can provide effective nucleation sites for AF. Figure 3c shows the microstructure after vacuum treatment in the RH furnace. Compared with the sample in the LF furnace, Nb-Fe alloy was added in the LF furnace and Nb can enhance the hardenability of steel [23]. On the other hand, a higher number density of Ca-containing inclusions was formed and the formation of AF was promoted [24]. The microstructure was composed of AF, PF, and B. In Figure 3d, the microstructure is composed of a high volume fraction of AF inside the grains and a small block of GBF and PF, and the grain size was ~170 μm. The addition of Mg pinned the growth of grains effectively during the process of the welding thermal cycle.


Figure 3. Evolution of microstructure in EH420-Mg: (a) the LF furnace station; (b) Ti-Mg treatment in the LF furnace; (c) vacuum treatment in the RH furnace; (d) after the thermal welding simulation. AF, acicular ferrite; PF, polygonal ferrite; GBF, grain boundary ferrite; FSP, ferrite side plate; B, bainite.
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There are several mechanisms that explain the nucleation of AF: (1) the solute depletion in the vicinity of non-metallic inclusions [25,26,27,28]; (2) thermal strain energy due to a different thermal contraction [29]; (3) reduced interfacial energy between austenite and ferrite [30]; and (4) provision of an inert surface [31]. The most accepted explanation is that an Mn-depleted zone (MDZ) can be formed around Ti-containing oxides. An MDZ is formed because of the difference between the diffusivity of Mn in austenite and the solubility of Mn in Ti2O3, which lowers the content of Mn around the inclusion as compared to the matrix. Thus, the AF nucleation was promoted during the γ → α phase transformation.



Besides the chemistry of inclusions, size is an important factor in oxide metallurgy. The results of Lee et al. [31] showed that the ability for AF nucleation increased with inclusion size up to 1 μm. Thus, there is a need to control the size of inclusions. With the treatment of Ti and Mg, a number of inclusions are generated. When the peak temperature is 1400 °C, inclusions, such as TiN, will grow up and dissolve [32] in austenite; hence, the pinning effect is weakened and leads to the growth of grains. In order to predict the size of austenite grains, Zener’s model in Equation (1) [33] expresses the pinning effect of particles on the movement of grain boundaries.


[image: ]



(1)




where R is the radius of a grain; A is a constant depending on the geometry and force balance; r is the radius of the second-phase particles; and f is the volume fraction of second-phase particles.



According to Equation (1), a fine size with a high volume fraction can restrict the growth of grains effectively, because Mg is a strong deoxidizing element and even a small amount of addition in steel can form many oxide inclusions and they tend to be dispersed [34]. Thus, Mg-containing oxides can inhibit the growth of grains and induce the nucleation of AF.




3.3. Effect of Inclusions on the HAZ after High Heat Input Welding


In order to compare the mechanical properties of the HAZ after Ti-Mg treatment with plain EH420, Charpy impact tests were carried out. Table 2 shows the impact toughness values and the area fraction of the fracture surface. The average impact toughness at −20 °C of specimens EH420 and EH420-Mg was 168 and 262 J, respectively. The EH420-Mg steel showed excellent HAZ toughness because the fibrous zone and the shear leap zone was 44.3% and 33.5%, respectively.


Table 2. Statistical analysis of fracture surface and impact toughness of HAZ at −20 °C.





	
Steel

	
Impact Fracture

	
Impact Toughness (J)




	
Fibrous Zone (pct)

	
Radical Zone (pct)

	
Shear Lip Zone (pct)

	
Individual Value

	
Mean






	
EH420

	
34.6

	
35.6

	
29.8

	
176

	
157

	
170

	
168




	
EH420-Mg

	
44.3

	
22.2

	
33.5

	
252

	
264

	
271

	
262










Figure 4 shows the SEM images and an optical micrograph of the microstructure adjacent to the fracture surface after a 200 kJ/cm simulated HAZ for the two steels. As shown in Figure 4a,b, the cleavage plane was rough and the cleavage plane size was related to the size of the ferrite packet. The large cleavage plane provides a path for crack cleavage resulting in a decrease of the toughness of the HAZ. Figure 4c shows that the fracture surface was composed of brittle cleavage and a ductile fracture. Compared with plain EH420, the size of the cleavage was small (Figure 4d). It is known that the cleavage plane is related to grain size, and fine size cleavage facets can cause crack deflection frequently; thus, the driving force for crack propagation is decreased and toughness enhanced.


Figure 4. SEM images of the fracture surface and the microstructure adjacent to the fracture surface in (a,b) plain EH420; and (c–f) EH420-Mg.
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In fact, the crystallographic packet [35], which is defined as a group of adjacent ferrite laths with a crystallographic misorientation of less than 15° of the critical angle, is the real microstructural unit that controls the propagation of cleavage cracks [36,37]. When the misorientation angle of crystallographic packets’ boundaries is 15° or higher, it is equivalent to the dimensions of the cleavage plane and fine-grained interlocking plates can lead to the division of a crack path or frequent deflection, preventing the propagation of cracks.



The ductile fracture zone is shown in Figure 4e, which made a prominent contribution to the impact toughness. The spherical inclusions were embedded in dimples, and these inclusions with appropriate diameters can reduce the stress concentration [11]. During the plastic deformation process, the randomly distributed ferrite plates or grains were deformed and rotated to form sheaves with a similar orientation. It is inferred that the ductile fracture occurred as follows: the large size dimples are related to inclusions and are influenced by the size of inclusions. Small dimples are generated by fine inclusions, but they are more likely to be formed by the tearing of deformed ferrite sheaves. During the crack nucleation and growth process, inclusions were first separated from the surrounding matrix to form large-size dimples. Subsequently, the ferrite sheaves in the matrix around the dimples experienced axial tension, the final fracture under the stress concentration occurred, and dense fine dimples were observed in the cross section of several ferrite plates [5]. Figure 4e shows that the disordered lath arrangement of AF acted as an obstacle to the propagation of cleavage cracks. Fine-size cleavage facets and a dimpled ductile fracture contributed to the high impact energy.





4. Conclusions


	
The composition of inclusions in the core changed from silicomanganate and MnS (LF furnace station) to Ti-Mg-O (Ti-Mg treatment in the LF furnace) and finally to Ti-Ca-Mg-O in EH420-Mg. The corresponding average size of inclusions decreased from 0.83 μm to 0.47 μm, and the number density decreased from 1508 /mm2 to 874 /mm2. After the thermal welding simulation, the inclusions of size less than 0.4 μm disappeared.



	
For EH420-Mg steel, after a continuous cooling transformation by a dilatometer, the microstructure of the LF furnace station sample was composed of FSP and PF, which then changed to AF, PF, and B (vacuum treatment in an RH furnace), while in the welded sample, the microstructure was composed of AF, GBF, and PF. A Ti-Mg-containing oxide promoted the nucleation of AF.



	
An interlocking AF microstructure acts as an obstacle to the propagation of cleavage cracks. Fine-size cleavage facets, small inclusions, and dense dimples contributed to the high impact toughness in Ti-Mg oxide metallurgy steel.
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