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Abstract

:

The Ti element plays a role in pinning grain boundaries but also has a good binding ability to C and N, forming large primary carbides. Therefore, the effect of Ti content on primary carbides’ behavior in H13 ingots was comprehensively studied. A non-aqueous electrolysis method was used to determine the three-dimensional (3D) characteristics of primary carbides. We found a great difference between the two-dimensional (2D) and the three-dimensional characteristics of primary carbides. When performing 2D analyses, the density of the primary carbides appeared high, while their size was small. The actual characteristics of primary carbides can be obtained only by 3D observation. The primary carbide showed a typical dendritic structure, whose center consisted of Ti–V-rich carbide wrapped by V-rich carbide. As the Ti content increased, the size of the primary carbide increased from 24.9 μm to 41.3 μm, and the number density increases from 25.6 per/mm2 to 43.9 per/mm2. The Ti4C2S2 phase precipitated first, then changed into Ti–V-rich carbide, and finally further partly transformed into V-rich carbide. The addition of elemental Ti promoted the precipitation and transformation of primary carbides, resulting in an increase of the number density and size.
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1. Introduction


The microalloying element Ti has been widely applied to improve the properties of steel, especially for the heat-affected zone (HAZ) [1,2]. The addition of elemental Ti can form fine dispersion of TiN or TiC particles that can pin the prior austenite grain boundaries, preventing excessive grain growth because of their stability at high temperatures [3,4]. Maity found that the tensile and yield strength of 0.07 wt.% titanium low-alloy steel increases sharply compared to those of un-inoculated steel, 0.2 wt.% titanium, and 0.4 wt.% titanium steels, because finer Ti(C, N) particles are precipitated [5]. In Mg-deoxidized steel, the number of TiN+MgO and TiN particles is about two times larger than that without Mg deoxidation, thus leading to a smaller austenite grain size [6]. Moreover, the TiN particles effectively promote intragranular ferrite nucleation in low-carbon steel. The acicular ferrite provides a desirable combination of high strength and good toughness because of its small plate thickness and interlocking microstructure [7,8]. The TiN and TiN+oxide particles can also act as the nucleation core of δ-phase during solidification, refining the solidification structure of ferritic stainless steel, especially increasing the fraction of equiaxed grains [9]. Wang found that yield strength and ultimate tensile strength increase gradually with the increase of Ti content in 20Cr–8Ni stainless casting [10]. Therefore, the appropriate addition of Ti can significantly improve the properties of materials.



However, if the Ti content in steel is not properly controlled, it will damage the performance of the steel and the smelting process. The presence of titanium in Al-killed molten steel generally causes more severe clogging in submerged entry nozzles than that observed with Ti-free steel, and the titanium oxide inclusions have been suggested as a possible cause [11,12]. In titanium-stabilized steels, the frequency of clogging can increase, and titanium nitride can be found as a solid deposit within the nozzle. Moreover, coarse TiN formed during solidification plays no role in pinning prior austenite grain boundaries during reheating but impairs fracture toughness [13,14]. Yan found that the formation of coarse TiN can significantly reduce the impact toughness of low-carbon microalloyed steel. The Ti/N ratio and the total Ti and N contents play an important role in TiN formation and growth [15]. Therefore, the Ti content in steel is very important for obtaining the required Ti-containing inclusions.



AISI H13 hot die steel is widely used in hot rolling, hot extrusion, and hot forging because of its remarkable fatigue resistance, notable hot strength, and impact toughness. About 8 wt.% carbide-forming elements, including Cr, Mo, and V, are contained in H13 steel to prevent the coarsening of austenite or strengthen the steel through secondary hardening. Therefore, the presence of Ti element is inevitable in molten steel during the actual smelting process because of the introduction of the alloying elements. Researchers have found large Ti-containing primary carbides in both as-cast H13 steel and H13 bars after heat treatment [16,17,18,19,20]. Large primary carbides as well as large Ti-containing carbonitride particles will act as a crack source, thus reducing the service life of H13 steel [21]. Therefore, reducing the size of Ti-containing primary carbides is of great significance for improving the service life of H13 steel.



Xie et al. have studied the precipitation behavior of Ti-containing primary carbides in Ti-microalloyed H13 tool steel and found that a Ti–N-rich carbide precipitates first, followed by a Ti–V-rich carbide [22]. However, the effect of different Ti contents on primary carbides’ behavior was not studied by Xie. Moreover, most researchers have ediscussed the characteristics of primary carbides from a two-dimensional perspective [16,17,18,19,20]. Few researchers have systematically studied the characteristics of the primary carbides in H13 steel from the three-dimensional perspective. Therefore, we studied the effect of Ti content on primary carbides’ behavior in H13 steel by comparing the two-dimensional and three-dimensional characteristics of the primary carbides, especially with respect to primary carbides’ size in H13 steel. It is hoped that this research work can provide a guide for the effective control of Ti content in H13 steel.




2. Materials and Methods


Experimental H13 ingots with a weight of about 2 kg were manufactured in a vacuum induction furnace (Jinzhou Santai Electric Furnace Factory, Jinzhou, China). Pure iron (99.99%), Si (99.5%), Mn (99.25%), Cr (99.69%), Mo (99.99%), V–Fe (51.84% V and 46.56% Fe), and Ti (99.5%) were added into an MgO crucible. When the vacuum reached 10 Pa, heating of the alloy began. After the alloy was melted, the temperature of the molten steel was kept at 1600 °C for 5 min to homogenize its composition. The molten steel was cast into a cast-iron model. The obtained H13 ingot was stripped and air-cooled to room temperature after 10 min. The experimental composition of all H13 ingots as the same, except for their Ti content. The chemical composition of the H13 ingots is shown in Table 1. The chemical composition was determined at the National Analysis Center for Iron and Steel (NCS Testing Technology Co., Ltd., Beijing, China). The chemical composition of all samples was basically the same, except for the Ti content. The Ti content in the samples varied from 0.011 to 0.036 wt.%. Two samples for each H13 ingot with a size of 10 mm × 10 mm × 10 mm were taken along the centerline of the H13 steel ingots to observe the morphology of the last-to-solidify region and obtain the three-dimensional (3D) characteristics of the primary carbide.



An optical microscope (DM4M, Leica Co., Wetzlar, Germany) was used to investigate the matrix structure of the samples after being etched for approximately 1 min at 70–80 °C with an alcohol solution containing 4% nitric acid (volume fraction). ImageJ software was used to measure the last-to-solidify region size with a mean linear intercept method. The morphology and type of the inclusions in the samples were analyzed through a scanning electron microscope (SEM) (FEI Quanta-250; Hillsboro, OR, USA) equipped with an energy dispersive spectroscope (EDS) (XFlash 5030; Bruker, Germany). Moreover, an automatic inclusion analysis system (EVO18-INCA steel, Oberkochen, Germany) was used to analyze the two-dimensional (2D) characteristics of the inclusions, including their size, composition, shape, and number density, in the samples. The statistical area was 4 mm × 4 mm. The minimum size of the inclusions was 1 μm. A non-aqueous electrolysis method was used to investigate the 3D morphology of the primary carbides and determine the comprehensive characteristics of the primary carbides in the samples. the primary carbides were partially extracted from the sample matrix, and the extracted area was 10 mm × 10 mm. The electrolyte was composed of 1% tetramethylammonium chloride, 10% acetylacetone, and 89% methanol (value fraction). The electrolysis voltage was 20 V, and the electrolysis time was 300 s. At least 100 primary carbides were observed in each sample by 3D observation with SEM and EDS to determine their number density and size. Finally, the Thermo-Calc 2017b software (Foundation of Computational Thermodynamics (STT), Stockholm, Sweden) was used to understand the precipitation mechanism of the primary carbides and the mechanism by which the Ti content influenced the primary carbides’ behavior.




3. Results


3.1. Matrix Structure


Figure 1 shows the matrix structure of the samples with different Ti content. The reticulated bright white area is the last-to-solidify region, and the gray area is the austenite. The matrix structure was the same for all samples. Elemental Cr, Mo, V, and C were rejected from the liquid and could be present in relatively high content in the final solid that formed along the solidification boundaries because of the different solubility of the alloy elements in the solid and liquid phases coexisting in the mushy region [23,24]. Since the alloying content in the last-to-solidify region was larger than in the matrix, leading to a higher resistant corrosion ability, the last-to-solidify region network appeared bright white under an optical microscope.



Figure 2 shows the locations of the precipitated inclusions in the samples observed by an optical microscope at 1000 magnification. Large amounts of MnS inclusions (black area) and primary carbides (gray area) were found in the last-to-solidify region. The last-to-solidify region coincided with the grain boundaries. Therefore, the segregation of the alloy elements in the last-to-solidify region during solidification resulted in the precipitation of MnS inclusions and primary carbides. We previous found that the enrichment of elemental Cr, Mo, V, and C in the last-to-solidify region is the main reason for the precipitation of primary carbides in H13 ingots, which is consistent with the above theoretical analysis [25]. Moreover, the Ti content has little influence on the matrix structure and the location of the precipitated inclusions.



Figure 3 shows the variation of Ti content with the last-to-solidify region size. The size of the last-to-solidify region in the Ti-1 sample was mainly 80–90 μm. The size of the last-to-solidify region in the Ti-3 sample was mainly 90–100 μm. As the Ti content increased, the size of the last-to-solidify region gradually increased, especially the area with a size larger than 120 μm. According to the principles of nucleation and growth of new crystals during solidification, the size of the last-to-solidify region is that of the original austenite grain. The mechanism by which the Ti content influences the original austenite grain size needs to be further analyzed.




3.2. Two-Dimensional Characteristics of the Inclusions in the Samples


The samples contained the same types of inclusion, whose specific morphology and composition are shown in Figure 4. The typical inclusions were classified into four types: 1, V-rich carbide, shown by the gray area in Figure 4a,b,f; 2, Ti–V-rich carbide, shown in Figure 4c–f; 3, Cr–Mo-rich carbide, shown by the white area in Figure 4a; 4, MnS inclusion, shown by the black area in Figure 4a,c,d. The primary carbides, including the V-rich and the Ti–V-rich ones, appeared as strips, and their size was approximately 10 μm. The primary carbides were present either alone or in combination with MnS. After MnS, Ti–V-rich carbide, and V-rich carbide formed at the front of the solid–liquid interface, MnS and the primary carbides were pushed to the last-to-solidify region, as the crystal continued to grow, possibly causing the aggregation of MnS and primary carbides. Therefore, the primary carbides were present either alone or in combination with MnS.



An automatic inclusion analysis system was used to obtain the 2D characteristics of the inclusions in the samples. Figure 5 shows the variation of Ti content with the number density of the inclusions in the samples. As the Ti content increased, the number density of the V-rich carbide decreased rapidly from 30.9 per/cm2 to 16.8 per/cm2; in contrast, the number density of the TiV-rich carbide increased from 3.7 per/cm2 to 12.7 per/cm2, and the number density of MnS decreased slightly. The main type of the inclusion gradually changed passing from the V-rich to the Ti-V-rich carbides with the increase of Ti content.



The aspect ratios and size of the MnS inclusions in the samples are shown in Figure 6. According to the results in Figure 6a, the Ti content had a little influence on the aspect ratio of the MnS inclusions. The aspect ratios in the samples were all larger than 1, which means the shape of the MnS inclusions was oblong. It can be seen from Figure 6b that the size of the MnS inclusions was smaller than 5 μm in all samples, and inclusions with a size of 1–2 μm were the most abundant. The Ti content had a little effect on the size distribution of the MnS inclusions.



We obtained the composition of the Ti–V-rich carbide, especially for the Ti and V elements, and the results are shown in Figure 7a. The composition of the Ti–V-carbide carbide varied in different areas, so we performed a linear fit of the composition in different points. The slope of the Ti-1 and Ti-2 samples was not much different, while the slope of the Ti-3 sample was significantly lower than that of the Ti-1 and Ti-2 samples. Therefore, the mole fraction of elemental Ti in the Ti–V-rich carbide present in the Ti-3 sample was the highest. The reason for the varied composition in different points will be expounded in part 3.3. The size of the Ti–V-rich carbide inclusions in the samples as also mainly small (2–3 μm), and some coarse Ti–V-rich inclusions with a size larger than 6 μm were found. Changes in Ti content had a little effect on the size distribution of Ti–V-rich inclusions.



The composition and size of the V-rich carbide inclusions are shown in Figure 8. The composition of V-rich carbides in the samples was relatively homogeneous, and the Ti content had little influence on the composition of V-rich carbides. The size of the V-rich carbide inclusions in the samples was also mainly small, and the Ti content had little influence on the size distribution of V-rich carbide inclusions.




3.3. Three-Dimensional Characteristics of the Primary Carbides in the Samples


A schematic diagram of the differences between the 2D and the 3D observations is shown in Figure 9. There was a great difference between the 2D and the 3D morphologies of the primary carbides. The shape of the primary carbides according to the 3D observations was similar to a tree, including trunk and branches. There were multiple branches on the trunk, and the area of the branches was much larger than that of the trunk. The elemental mapping of the primary carbides as observed by 3D analysis is shown in Figure 10. Elemental Ti and V were obviously enriched in the trunk, and elemental V and Mo were enriched in the branches. Therefore, the primary carbide in the trunk was the Ti–V-rich carbide, while that in the branches was the V-rich carbide. Moreover, the distribution of the Ti element in the trunk was not uniform. The closer to the central part, the more the Ti element was enriched, which is basically consistent with our previous research results [26].



Figure 9 can clarify the confusing experimental results in Figure 7a and the limitations of the 2D observation. The Ti–V-rich, V-rich, and Cr–Mo-rich carbides observed in the 2D observation were just different portions of the dendritic primary carbide observed in the 3D observation; they were not three independent primary carbides. Therefore, the 2D observation significantly underestimated the size of the primary carbide and overestimated the number density of the primary carbide compared to the 3D observation, because only a part of the trunk and/or branch could be observed in the 2D analysis. The incorrect statistics of the primary carbide determined by the 2D observation, as shown in Figure 7b and Figure 8b, underestimated its harm to the performance of H13 steel. Since the area of the branches was much larger than that of the trunk, the statistical size of V-rich carbide was larger than that of the T–V-rich carbide according to the 2D observation, as shown in Figure 7b and Figure 8b. Because of the uneven distribution of the Ti element in the Ti–V-rich carbide and the uniform distribution of the V element in the V-rich carbide, the composition of Ti–V-rich carbides in different points varied, whereas the composition of V-rich carbides was uniform in the 2D observation, as shown in Figure 7a and Figure 8a–c. Therefore, only a 3D observation can truly determine the characteristics of the primary carbide in H13 ingots.



The 3D morphologies of the primary carbides in the samples are shown in Figure 11. The primary carbides were distributed in a network and showed obvious aggregation. The primary carbides in the samples had a typical dendritic structure, with a size larger than 100 μm. The primary carbides in the samples were all mainly located at the grain boundary junction.



At least 100 primary carbides were analyzed by 3D observation to obtain the 3D characteristics of the primary carbides in the samples. Figure 12 shows the number density and size of the primary carbides according to the 3D observation. As the Ti content increased, the number density of the primary carbides increased from 25.6 per/mm2 to 43.9 per/mm2. The size of the primary carbides in the samples was mainly about 20 μm, and their percentage decreased gradually with the increase of the Ti content. Moreover, as the Ti content increased, the percentage of the primary carbides with a size larger than 50 μm increased rapidly. The statistical number density and size of the primary carbides in the 3D observation were different from those in the 2D observation, especially the size. The statistical results of primary carbide size in the 3D observation are in the Supplementary Materials. To effectively reduce the detrimental effect of large-size primary carbides on the service life of H13 steel, the Ti content in the steel should be as low as possible. In the actual smelting process, the purity of the alloy should be increased as much as possible to reduce the content of residual Ti.





4. Discussion


4.1. Influence of the 3D Characteristics of Primary Carbides on the Mechanical Properties of Steel


According to the results in Section 3, as the Ti content decreased, the number density of the primary carbide as determined by 3D observation decreased from 43.9 per/mm2 to 25.6 per/mm2, and the size of the primary carbide also decreased from 41.3 μm to 24.9 μm. Fatigue strength is one of the important mechanical properties of die steel. During the failure process of die steel, a small crack is initiated in the primary carbide in the early stages of the fatigue test and then propagates in the carbide [27]. The larger the primary carbide size, the smaller the number of cycles to failure. The higher the number density of the primary carbide, the easier the crack propagates. Therefore, the reduction of the Ti content in H13 ingots reduces the size and number density of the primary carbides, thereby increasing the service life of H13 steel.



Impact toughness is also one of the important mechanical properties of die steel. According to some research works [13,28], a coarse primary carbide causes a cleavage fracture whose formation occurs in four stages: stage 1, a microcrack initiates in the coarse primary carbide or at the interface between the inclusions and the matrix; stage 2, the microcrack propagates across the inclusion/matrix interface; stage 3, the crack propagates into the matrix within a grain; stage 4, the crack propagates through the matrix–matrix grain boundaries. Primary carbide can easily act as cleavage crack initiators during impact testing because they are brittle and present in a statistically sufficient number in steel. Therefore, the propagation of cracks is dominant during fracture failure. Whether the microcrack propagates into the matrix mainly depends on the internal stress level, the particle–matrix interface strength, and the matrix–matrix interface strength, which can be calculated with the following equations:


   σ  p m   =   (   π E  γ  p m     ( 1 −  ν 2  ) a   )   1 / 2    



(1)






   σ  m m   =   (   π E  γ  m m     ( 1 −  ν 2  ) D   )   1 / 2    



(2)




where ν is Poisson ratio, E is Young’s modulus, γpm and γmm are the particle–matrix interface energy and matrix–matrix interface energy, a is the size of the inclusion, and D is the grain size. Once the loading stress exceeds σpm and σmm, the crack will propagate into the matrix, which means a cleavage fracture occurs. Since the types of primary carbide and matrix structure in samples with different Ti contents are exactly the same, the values of σpm and σmm only depend on the primary carbide size and grain size. As the Ti content in the samples decreases, both the primary carbide size and the grain size decrease, resulting in larger values of σpm and σmm and a better impact performance of the samples. Therefore, the Ti content in H13 ingots should be as low as possible.




4.2. Mechanism by Which the Ti Content Influences the 3D Characteristics of Primary Carbides


The equilibrium solidifications of the samples with different Ti content were calculated to obtain the mechanism by which the Ti content influences the 3D characteristics of the primary carbides. The results are shown in Figure 13. The Ti4C2S2 phase is the Ti4C2S2 phase, and the FCC_A1#2 and FCC_A1#3 phases are the carbides. As the temperature decreased, the δ-ferrite phase precipitated first, and then the peritectic reaction occurred, forming the austenite phase. The reactions are as follows.


  Liquid →  δ Fe   



(3)






  Liquid +  δ Fe  →  γ Fe   



(4)







At the end stage of the solidification, the Ti4C2S2 phase formed first and then transferred into the FCC_A1#2 phases, which finally further transferred into the FCC_A1#3 phase. The variation of the mass fraction of the main elements in the primary carbides with the temperature is shown in Figure 14. The precipitation sequence of the primary carbides in the three samples was the same. The Ti4C2S2 phase enriched in elemental Ti, C, and S precipitated first. As the temperature decreased, the contents of the elemental Ti, C, and S remained basically stable. The formation reaction of the Ti4C2S2 phase is as follows.


  4  [  Ti  ]  + 2  [ C ]  + 2  [ S ]  =   Ti  4   C 2   S 2      ( s )     



(5)







As the temperature continued to decrease, the Ti4C2S2 phase started to transform into the Ti–V-rich carbide (FCC_A1#2 phase). The transition temperature was high enough to allow the transition process to proceed completely. The transition reaction is as follows.


    Ti  4   C 2   S  2 ( s )   + Ti + V + N + Mn →  (  Ti , V  )   (  C , N  )  +   MnS   ( s )    



(6)







As the temperature continued to decrease, the Ti–V-rich carbide transformed into the V-rich carbide (FCC_A1#3 phase). Considering that the temperature was low at this time, the transformation could not be complete, so part of the Ti–V-rich carbide remained in the center of the primary carbide. The transition reaction is as follows.


   (  Ti , V  )   (  C , N  )  + V + C → VC + Ti + N  



(7)







With the continued precipitation of the V-rich carbide, a three-dimensional primary carbide with Ti–V-rich carbide in the center and the V-rich carbide in the periphery formed, as shown in Figure 10. Xie studied the precipitation behavior of primary precipitates in Ti-microalloyed H13 tool steel and found that the Ti–V-rich carbide precipitated first, followed by the V-rich carbide, which is basically consistent with our work [22]. However, the Ti4C2S2 phase did not form in Xie’s work. The difference in S content may be the main reason for this. The S content in this paper reached about 75 ppm, which promoted the precipitation of the Ti4C2S2 phase and of the MnS inclusions. He et al. also stated that TiN precipitated first and then acted as a heterogeneous nucleation core for V-rich and Mo-rich carbides [29], which agrees well with our work.



Since the equilibrium calculation does not consider the segregation of alloy elements during solidification, the FCC_A1#2 and FCC_A1#3 phases formed and/or transformed in the solid phase. If we take into consideration the segregation of alloying elements during solidification, the precipitation and/or transformation of the FCC_A1#2 and FCC_A1#3 phases may start during the solidification process. Mao et al. found that in the interdendritic zone of H13 steel, there were obvious Cr and Mo segregation and slight C and V segregation [30]. Therefore, the solute concentration would vary with the solid fraction, which allows the generation of primary carbides. However, the equilibrium results in this paper illustrated the precipitation mechanism of the primary carbides and the mechanism by which the Ti content influenced the 3D characteristics of the primary carbides.



Although the Ti content had a little influence on the precipitation sequence of the primary carbides, it had a significant effect on the precipitation temperature of the phases, as shown in Table 2. As the Ti content increased, the precipitation temperature of the Ti4C2S2 phase increased gradually. The addition of Ti element promoted the earlier precipitation of the Ti4C2S2 phase, providing better kinetic conditions for its nucleation and growth. Moreover, as the Ti content increased, the precipitation temperature of the Ti–V-rich carbide also increased gradually, especially for the Ti-3 sample. Therefore, the increase of Ti content promoted the formation of primary carbides in H13 ingots, further increasing the size and number density of the primary carbides, as determined by 3D observations. According to Xie’s results, V-rich carbonitrides were still observed after holding the samples at 1150 °C for 6 h [31]. The stability at high temperature prevented the elimination of the primary carbides by the subsequent hot working process. Therefore, the Ti content in H13 ingots should be as low as possible to inhibit the earlier precipitation of primary carbides. Other researchers have also worked to achieve this goal. Mao stated that a high cooling rate significantly decreased the number, size, amount, and mean area of primary carbides in H13 steel, further alleviating the negative effect of primary carbides [20]. Moreover, the addition of rare earth elements also led to a reduction of coarse primary carbides and initiated changes in primary carbides’ morphology [32,33].




4.3. Precipitation Process of Primary Carbides in H13 Ingots with Different Ti Contents


According to the thermodynamic results in Figure 14 and the experimental results in Figure 10 and Figure 12, we could determine the specific formation process of primary carbides in the samples with different Ti contents, as shown in Figure 15. The left part of the Figure shows the decrease in temperature. The right part shows different temperature ranges. The red line reflects the changes in carbide size. As the temperature decreased (stage 1), the Ti4C2S2 phase precipitated first in the Ti-3 sample, but the precipitation conditions of the Ti4C2S2 phase were not reached in the Ti-1 and Ti-2 samples. When the temperature decreased to stage 2, the Ti4C2S2 phase in the Ti-1 sample just started to precipitate. The Ti4C2S2 phases in the Ti-3 and Ti-2 samples grew into a dendritic structure and precipitated again. Therefore, the number density and size of the primary carbide in the Ti-3 sample were the largest, followed by those of the Ti-2 sample. As the temperature continued to decrease (stage 3), the Ti–V-rich carbide in the Ti-3 sample started to precipitate, using the Ti4C2S2 phase as the nucleation core. For the Ti-1 and Ti-2 samples, only further growth of the Ti4C2S2 phases occurred during this process. When the temperature decreased to stage 4, the Ti–V-rich carbide in the Ti-3 sample grew gradually, and then the Ti4C2S2 phase started to transform into Ti–V-rich carbide. Therefore, the size of the Ti–V-rich carbide continued to increase, and the size of the Ti4C2S2 phase started to decrease. In stage 4, the Ti4C2S2 phases started to change into Ti–V-rich carbide in the Ti-1 and Ti-2 samples. Therefore, the size of the Ti4C2S2 phase in the Ti-1 and Ti-2 samples continued to decrease, and the sizes of the primary carbide remained basically the same. When the temperature decreased to stage 5, the Ti4C2S2 phase completely changed into the Ti–V-rich carbide in all samples, and the Ti–V-rich carbide started to change into V-rich carbide. Considering that the transformation temperature was relatively low at this time, the transformation could not be complete, so the small-sized Ti–V-rich carbides remained in the core of the primary carbide. Subsequently, the V-rich carbide started to precipitate around the periphery of the primary carbide, and the size of the primary carbide gradually increased. The three-dimensional features of the final primary carbides are shown in Figure 10 and Figure 12.





5. Conclusions


(1) Primary carbides and MnS inclusions formed in the last-to-solidify region. As the Ti content increased, the size of the last-to-solidify region increased.



(2) There was a huge difference between the 2D characteristics and the 3D characteristics of the primary carbides. A two-dimensional observation does not accurately reflect the essential characteristics of the primary carbides in H13 ingots. As the Ti content increased, the number density and size of the primary carbides gradually increased, as determined by 3D observation.



(3) During the formation process of primary carbides, the Ti4C2S2 phase precipitated first, then the Ti–V-rich carbide formed, and finally the V-rich carbide precipitated. The addition of Ti element rapidly increased the temperature leading to the precipitation of the Ti4C2S2 and Ti–V-rich phases and the transformation of the Ti4C2S2 phase into Ti–V-rich carbide, finally resulting in an increase of the number density and size of the primary carbides.
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Figure 1. Matrix structure of the Ti-1, Ti-2, and Ti-3 samples. 






Figure 1. Matrix structure of the Ti-1, Ti-2, and Ti-3 samples.



[image: Metals 10 00837 g001]







[image: Metals 10 00837 g002 550] 





Figure 2. Location of the precipitated inclusions in the Ti-1, Ti-2, and Ti-3 samples. 
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Figure 3. Variation of Ti content with the size of the last-to-solidify region. 
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Figure 4. Two-dimensional morphologies of the inclusions in the samples. (a,c,d) MnS; (a,b) V-rich; (c,d,e,f) Ti–V-rich. 
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Figure 5. Variation of the number density of the inclusions in samples with the Ti content. 
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Figure 6. Aspect ratios (a) and size (b) of MnS inclusions in the samples. 
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Figure 7. Composition (a) and size (b) of Ti–V-rich carbide inclusions in the samples. 
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Figure 8. Composition (a–c) and size (d) of V-rich carbide inclusions in the samples. 
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Figure 9. Schematic diagram of the difference between the 2D and the 3D observations. 
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Figure 10. Elemental mapping of the primary carbide in the three-dimensional observation. 
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Figure 11. Three-dimensional morphologies of primary carbide in the samples. 
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Figure 12. Number density (a) and average size (b) of the primary carbides in the three-dimensional observation. 
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Figure 13. Equilibrium solidifications of H13 ingots. (a) Ti-1 sample; (b) Ti-2 sample; (c) Ti-3 sample. 
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Figure 14. Mass fractions of the main elements in the primary carbides. (a) Ti-1 sample; (b) Ti-2 sample; (c) Ti-3 sample. 
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Figure 15. Schematic diagram of the precipitation process of primary carbides during solidification. 
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Table 1. Chemical compositions of H13 ingots (wt.%).
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	Samples
	C
	Si
	Mn
	P
	S
	Cr
	Mo
	V
	Ti
	N





	Ti-1
	0.36
	1.00
	0.60
	0.015
	0.0075
	5.50
	1.40
	0.97
	0.011
	0.0045



	Ti-2
	0.39
	1.00
	0.60
	0.014
	0.0072
	5.50
	1.40
	0.98
	0.024
	0.0045



	Ti-3
	0.38
	1.00
	0.60
	0.015
	0.0075
	5.50
	1.40
	0.96
	0.036
	0.0044
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Table 2. Precipitation temperature of the phases, °C.
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	Samples
	Solid
	Ti4C2S2
	Ti-V-Rich
	V-Rich
	MnS





	Ti-1
	1366.7
	1395.1
	1269.1
	1160
	1368.4



	Ti-2
	1369.3
	1405.6
	1271.2
	1152.8
	1267.2



	Ti-3
	1378.9
	1414.4
	1374.6
	1150.3
	1230.9
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