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Abstract

:

Crystallization during the solidification process of steels is of vital importance for controlling the quality of final products. This paper summarizes the in situ characterization research activities of crystallization behaviors of low-alloy steels during the solidification process. The results obtained using high-temperature confocal laser scanning microscope (HT-CLSM) are critically reviewed, and other relevant methodologies, i.e., either classical method using differential scanning calorimetry (DSC) or large-scale facility (LSF), are also briefly mentioned. The evolution of the crystallization front from a planar to a cellular and further to a dendritic one, and subsequential microstructure evolutions, i.e., delta-ferrite (δ) formation from the liquid, austenite (γ) transformation and decomposition, are mainly discussed. The current review aims to highlight the state-of-the-art research outputs obtained by the novel in situ characterization techniques, and the obtained knowledge aims to shed light on the further development of the quality low-alloy steel products by controlling the processing and structure correlation.
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1. Introduction


Crystallization during solidification is a process where the metallic atoms are transferred from the disordered liquid state to the more ordered solid state. It is also known that the crystallization rate is controlled by thermodynamics and mainly kinetics. These mechanisms could provide information regarding the movements of the atoms during the rearrangement [1,2]. During the crystallization of liquid metals, a variety of different morphologies could be observed, and the most frequently found structures are different types of dendrites. It is known that dendrites are tree-like structures of crystals growing as the liquid metal solidifies, with the shape produced by faster growth along energetically favorable crystallographic directions [3]. However, faceted crystals with different morphologies are also commonly seen, and a transition between faceted crystals and dendritic ones could also be observed.



In order to investigate the crystallization process associated with the microstructure evolution in metallic materials, in situ experimental studies are needed, since these types of measurements can provide ‘real-time’ information for the crystallization and microstructure evolution. Firstly, thermal analysis, i.e., differential thermal analysis (DTA) and/or differential scanning calorimetry (DSC) [4,5,6,7], are classical methods to determine the evolution of the temperature of crystallization, latent heat and/or specific heat during the cooling from the liquid. Exact examples of DSC analysis for low-alloy steels can be seen in Ref. [7]. DTA/DSC is a direct and effective method to detect the crystallization from the liquid; however, this method does not provide direct microstructure information corresponding to different solidification conditions, so the post-characterization of the solidified samples is needed. However, the post-microstructure analysis of the samples after rapid quenching sometimes cannot be identical to the ‘real-time’ process directly. According to this limitation, high-temperature confocal laser scanning microscope (HT-CLSM), also sometimes termed laser-scanning confocal microscope (LSCM), was established by Shibata and Emi [8] over two decades ago. It is an in situ observation device of phase evolution including crystallization in metals and silicates, utilizing an infra-red (IR) halogen heating lamp onto the surface of samples.



In their pioneering research paper, Shibata, Emi and co-workers utilized HT-CLSM to directly observe the growth and morphology evolution of crystals (planar to cellular, cellular to dendritic) in Fe-C binary melt [9], microstructure evolution during solidification (liquid (L) to delta-ferrite (δ), and δ to austenite (γ)) during solidification [10,11,12], inclusion agglomeration in the melt and its motion at the liquid/solid interface [13,14,15], heat transfer and crystallization process of continuous casting mold flux [16,17], etc. Subsequently, Dippenaar and co-workers [18,19,20,21,22,23,24,25,26,27,28] made major contributions to the in situ characterizations of crystallization as well as microstructure evolution (e.g., Widmanstätten ferrite transformation) in iron-based alloys; in particular, they developed a so-called concentric solidification methodology. For this method, the formation of the meniscus could be eliminated and the large area of observation is available at a high-resolution level by HT-CLSM [19,27,28]. In recent years, various research efforts have been made to investigate the inclusion motion behaviors in liquid steels [29,30,31,32], oxide dissolution in the steelmaking slags [33,34,35,36], mold flux crystallization [37,38,39,40], oxidation of steel surface [41,42], etc. Especially oxide metallurgy [43,44,45,46], a novel solution to utilize the fine inclusion to improve the mechanical properties of heat-affected zone of low-alloy steels weldment, has utilized HT-CLSM [47,48,49,50,51,52,53,54] and its combinational methodologies (e.g., CLSM + DSC [55], CLSM+ synchrotron high energy X-ray diffraction (SHEXRD) [56,57], etc.) to performed comprehensively parametric kinetic studies to understand the influences of inclusion composition, size, alloying elements, grain size, cooling rate, etc. on intragranular acicular ferrite formation. In addition, Pistorius and co-workers [58,59] have investigated the mass transfer and temperature distribution in HT-CLSM samples. Besides the steel research activities, the HT-CLSM technique has also investigated the incipient melting phenomenon between metallic cluster and the matrix of various Al-alloys [60,61,62], martensite formation in high entropy alloys during cooling [63], solidification behavior in undercooled Pd-Cu-Ni-P alloy [64], inclusion formation in Ni-Ti alloy [65], crystallization of synthetic coal-petcoke slag mixtures [66], etc. However, these activities of other materials are not the focus of this review paper.



The primary aim of this work is to summarize the application of the HT-CLSM technique to investigate the crystallization behavior of low-alloy steels during the solidification process, although other related research issues are also mentioned. Specifically, in Section 2, HT-CLSM instrumentation information and the particular design used for casting and solidification research are briefly described. In Section 3, in situ observation research activities of morphology transition between planar, cellular and dendritic crystals are summarized. Furthermore, the microstructure evolution between δ and γ related to the peritectic reaction will be critically discussed, based on the HT-CLSM findings. In addition, the subsequent γ to α transformation will be briefly discussed. In Section 4, the focus moving to the other characterization techniques other than HT-CLSM, e.g., the classical method using DTA/DSC, and the state-of-the-art method using electromagnetic levitation will be concisely summarized, while pros and cons of different methodologies will be provided. This paper aims to summarize the metallurgical and methodology knowledge regarding the in-situ characterization of the solidification process of low-alloy steels from open literatures, mainly published in the most recent two decades. This overview is believed to contribute to the further development of crystallization research in high-performance metallic materials, considering both material science and experimental methodology perspectives.




2. Brief Description of Experimental Apparatus for In Situ Characterization


2.1. Instrumentation of a High-Temperature Confocal Laser Scanning Microscope


High-temperature confocal laser scanning microscopy (HT-CLSM) is an in situ direct observation device for crystallization, solidification and phase transformation at high temperatures for materials, e.g., metals, ceramics including slag and flux, etc. The prepared sample is positioned in a crucible which is placed on s holding plate where a thermocouple is attached. The sample can be heated by utilizing a halogen infrared heating lamp, and it is placed at the focal point of the infrared beam, which is reflected by the gold coating ellipsoidal chamber. The image of the sample surface could be detected due to the contrast difference obtained from the He-Ne scanning laser beam. It normally has a power of about 1.5 mW, in the red, blue and violet wavelength range. Subsequently, the image can be constructed in a three-dimensional plot with a small Z-direction depth. The actual image of this facility as well as the working principle is shown in Figure 1. Detailed descriptions of instrumentation and working principle can be found in Refs. [29,67,68].



Reid et al. [19] firstly reviewed the development history of HT-CSLM and made a detailed description of the advantages and limitations of HT-CSLM by comparing it with other established techniques to study the microstructural development at high temperatures, such as X-ray transmission experimental techniques, directional solidification studies, high temperature transmission electron microscopy and thermionic transmission microscopy. To the authors’ best knowledge, HT-CLSM can achieve a maximum temperature as high as 1700 °C (1973 K) in principle, and provide a heat rate up to approximately 20 °C/s (1200 °C/min). Rapid cooling is also available at a certain high temperature range (mainly liquid and solidification temperature) with a maximum rate of 50 °C/s (3000 °C/min) by injecting the He gas into the chamber. According to these capabilities, HT-CLSM can be utilized in quite comprehensive applications in different issues in metallurgy. According to the Fe-C binary phase diagram calculated by Thermo-Calc 2022b [69] with TCFE12 database [70] and presented in Figure 2a, a schematic illustration of heat and cooling rates could achieve and the potential application field at each temperature range using HT-CLSM is presented in Figure 2b. Considering low-carbon low-alloy steel grade, transformations from α to γ, and subsequently, γ to δ could be observed during heating, no matter whether slow or fast heating, and finally, the melting (including incenting) will be observed. The holding time could vary at any temperature due to different research aims. For instance, if holding at the austenitization temperature range, e.g., 950 to 1200 °C, grain growth kinetics could be investigated; holding at the liquid temperature (normally 1550 to 1600 °C for low-alloy steels) could observe inclusion motion behaviors, etc. Furthermore, the cooling process is another important step using HT-CLSM, and the chamber could be cooled from very slow to relatively fast. Figure 2b shows a slow cooling curve of 5 °C/s (green line) and a fast cooling curve of 50 °C/s (blue line) as the representative values. However, the real case is not limited to this range. Solidification occurs from the finishing of liquidus temperature, so a temperature range between approximately 1500 to 1400 °C is of high interest for crystallization research. When the temperature moves to a lower range, δ to γ transformation as well as precipitate (TiN, MnS, etc.) nucleation occurs at relatively high temperature ranges, normally between 1450 and 1200 °C; finally, the austenite decomposition referring to different types of α-ferrite formation could be observed. In summary, HT-CLSM could provide a full temperature range for different aims of steel research, the following content focuses on the crystallization and microstructure of low-alloy steels during solidification.




2.2. Special Design of Instrumentation for Solidification Research


2.2.1. Concentric Solidification Technique


In the conventional HT-CLSM technique, observation of crystallization behaviors in the high-temperature melt is one of the vital application fields [10,11,12]. However, a meniscus on the sample surface will form due to the liquid phase in contact with solid materials, the crucible walls and the gas atmosphere (mainly Ar). Thus, the presence of it leads to difficulty to identify the interface between crystalline and the melt. The meniscus in particular occurs in the early stage of solidification and limits the observation resolution of the solid and liquid interface. In order to overcome this problem, a concentric solidification technique has been developed by Dippenaar and co-workers [19,71]. For this technique, a large-sized specimen (10 mm in diameter) with a thin thickness (250 μm) is one of the key parameters. A schematic illustration of overviewing this technique is presented in Figure 3. According to Griesser and Dippenaar [71], the focal point radius of maximum temperature was approximately 1 mm. In this case, a radial thermal gradient could be applied to this large and thin specimen surface, and careful control of the specimen geometry, heating rate and maximum temperature could allow us to form a liquid pool only in the center of the specimen; in this case, the crystallization at the liquid/solid interface during the solidification could be observed clearly. A comparison of the in situ observation images using the conventional HT-CLSM method influenced by the meniscus on the resolution as well as using the concentric solidification technique has been presented in Ref. [19]. Since the specimen is very thin, the observation of crystallization can be considered as the representative of bulk materials but not only the surface phenomenon. It is very important to use a very thin specimen (e.g., no more than 250 μm [19,71]) to stabilize the melting pool in the thicker specimen. Practically, we tried to use a bit thicker sample to create this type of melting pool, which could occasionally be successful; however, the stability of the ‘pool’ is not good, and easily collapses by increasing the maximum temperature. This is due to the fact that the formation of the ‘pool’ is related to the thermal distribution of specimens in different dimensions [18]. With the increase of specimen thickness, conductive heat flow from the center to the edge could be increased; thus, this could prevent the formation of a thermal gradient [19]. Furthermore, a few modifications for this technique have been continuously made. For instance, an automatic video processing software (SolTrack [72]) has been developed to automatically determine the fractions of different microstructures during solidification. The reproducibility of this method has also been verified [71].



Temperature measurement during rapid solidification is another key issue for solidification research. Very recently, Liyanage et al. [27] successfully evaluated the temperature distribution with rapid cooling rates. Macro pictures of the experimental set-up are shown in Figure 4a,b. It is seen that a few thermocouples were spot welded separately in the center as well as other locations in the radial direction on the specimen surface to measure temperature distribution during solidification. To measure the liquid phase temperature, the separate thinner thermocouple wires are welded to the crucible. It was reported that the surface tension of the melt enables the thermocouple wires to be suspended in the melting pool [27]. Figure 4c shows the temperature distribution at different locations in the radial direction. Two cases of experimental measurements, i.e., on-set (t = 0 sec, solid dots) and 60 s after solidification with a 10 K/min cooling rate (t = 60 sec, diamond points), are presented, and solid curves represent a polynomial fitting result using Equation (1):


T(rm) = −31.621 × r3 + 242.24 × r2 − 623.52 × r + 597.35



(1)







In this figure, the Y-axis represents the difference of the measured temperatures at each location compared with the temperature node, which is close to the edge (marked as T5). Based on this measurement, it can be seen that the temperature close to the center of the specimen surface is approximately 60 °C higher than that at the edge. Based on this type of measurement, the temperature gradient (unit: K/mm) with each cooling rate could be further determined and the temperature at the solid/liquid interface at each cooling condition could be calculated; for details, see Ref. [27].



In addition, a special device was developed by Yan et al. [73] to enable the addition of alloys into the liquid iron to simulate the alloying and deoxidation processes during the secondary metallurgy process. The inclusion formation, growth and interaction with the melt could be investigated in situ.




2.2.2. Combinational Approach


HT-CLSM could utilize the topographical and contrast differences between e.g., liquid/solid phase, grain boundaries, etc. to identify different microstructures during solidification. However, it mainly detects surface evolution. In order to understand the transformation of the bulk materials, other characterization methods using either X-ray or thermal analysis are needed. For instance, HT-CLSM in a combination of DTA/DSC has been used to obtain the comprehensive microstructure features for the solidification process [6,74] as well as post-heat treatment [55]. Utilizing this combinational method, both the crystallization imaging during solidification could be observed, and phase transition temperature as well as heat flow could be detected quantitatively. However, the drawback is two measurements are running separately; the difference in sample geometry and instrumentation (e.g., thermocouple position, cooling rate and atmosphere, crucible, etc.) is not identical, which inevitably leads to the mismatch for the two methods. Subsequently, Slater and co-workers [75] made a contribution to switch the laser head with the infrared thermographer in HT-CLSM, so both the structure evolution imaging as well as the radiated heat could be obtained from the same sample with the identical cooling condition. A schematic illustration of the experimental set-up and typical results of low-alloy steel solidification with a 1 °C/s cooling are shown in Figure 5a–c. Even if this method holds better identical conditions of sample feature, process parameters, etc., the imaging of the crystallization process as well as the radiated heat is still not obtained simultaneously.



To further overcome the ‘mismatch’ limitation using two characterization methods, Phelan et al. [76] developed a combinational method incorporating high temperature confocal microscope and differential thermal analysis, the so-called HTCM-DTA. DTA carriers for sample and reference materials has functioned into the HT-CLSM chamber. During the HT-CLSM measurement, DTA signals can be obtained at the same time, and the abovementioned ‘mismatch’ limitation could be solved. The schematic illustration of this set-up as well as the typical DSC and HT-CLSM results of different Fe-C alloys solidification are shown in Figure 6 [28]. It is seen that for the Fe-0.06% C alloy, reactions of L→δ and δ→γ occur separately, and no peritectic transition is found. This can be seen in both DTA and HT-CLSM results, since they run simultaneously. Alternatively, the peritectic transition is clearly found in the alloy with higher carbon content (i.e., Fe-0.45% C).



Besides the conventional methods, e.g., DTA/DSC, the state-of-the-art large-scale facility (LSF) has developed rapidly for bulk material analysis using the synchrotron or neutron sources. It is known that synchrotron radiation is a kind of electromagnetic radiation taking place in the case of when high energy electrons are forced to accelerate perpendicular to their velocity [77]. Recently, synchrotron X-rays have become much more popular due to their high brilliance. It is about more than one billion times higher than the in-house X-rays. Komizo and Terasaki [57,78] have combined the HT-CLSM with synchrotron high energy X-ray diffraction (SHEXRD) to directly observe the morphological evolution as well as the simultaneous identification of microstructures during a welding simulation condition. Figure 7 shows an actual photo of the experimental set-up on the SPring-8 (46XU beamline) as well as the schematic illustration of the working principle. It is seen that the infrared furnace is located on the h-axis of a goniometer situated within the hatch of the beamline. In this combinational facility, the head of HT-CLSM is also set by fitting the h-axis; see Figure 7a. Furthermore, the detector of a two-dimensional (2D) pixel is located on the 2 h axis. The ultra-bright X-ray (incident beam) could be penetrated into the furnace. Thus, the diffraction patterns could be recorded by the pixel detector with a time-resolved high resolution. At the same time, microstructural evolutions during cooling could be in situ observed by HT-CLSM. Details of the instrumentation can be seen in Refs. [57,78]. According to the above description, this combinational approach could effectively utilize two facility advantages and provide microstructure evolution imaging as well as in situ phase identification using the exactly identical sample and heating and cooling thermal cycles. However, this technique needs to incline the HT-CLSM chamber including the specimen crucible, and to the authors’ experience, it is not easy to perform the research for liquid metal, but it would be no problem to identify the solid-state phase transformations. Transformations δ→γ, γ→α, etc. during cooling from solidification or welding could be detected. Besides the HT-CLSM + SHEXRD technique, synchrotron X-rays have more frequently been applied for physical metallurgy as well as additive manufacturing research, in combination with other in situ characterization techniques, e.g., quenching dilatometer. However, these are not the focus of this work, and details can be seen elsewhere [79,80].






3. Crystallization and Microstructure Evolution during Solidification by HT-CLSM


3.1. In Situ Observation of Crystallization during Solidification of Low-Alloy Steels


The transition between planar, cellular and dendritic crystals from the melt during the solidification process is one of the key research issues. During the solidification process, many different types of crystal morphologies could be formed. In various kinds of alloys, including steels, faceted crystals could be formed at low cooling rates, while dendrites are formed at high cooling rates.



The first HT-CLSM facility is developed to study the planar-to-cellular and cellular-to-dendritic transformations during the solidification of the Fe-C alloys dating back to over two decades ago. HT-CLSM is ideally suited to differentiate the morphologies of the solidification structure in an undercooled steel melt due to its clear contrast between grains and grain boundaries as well as topographical differences.



Chikama et al. [9] first applied the HT-CLSM technique to directly observe the dynamics of crystal growth in Fe-C alloy melts. To overcome the difficulties in distinguishing the solid phase from the surrounding melt caused by thermal radiation, a laser beam was utilized to provide a higher illumination intensity. They reported that Fe-0.83 mass % C alloy melt was subjected to γ-solidification mode and it exhibited distinct planer to cellular and then to dendritic, whereas Fe-0.2 mass % C alloy melt undergo a δ-solidification and the growth of δ crystals took place in a cellular configuration. The formation of γ-austenite phase caused the formation of perturbations at the solid/liquid interface developing into cells followed by preferred growth of some distinct cells which grew on adjacent columnar cells. It was also reported that the liquid/δ interface became unstable as a result of the transition from planar to cellular morphology at high cooling rates [26].



Except for the effect of steel composition, temperature gradient (G) can also affect the crystal morphology [10]. The planar and cellular growth of δ crystals under different temperature gradients are presented in Figure 8. As can be seen that planar δ crystals formed when the liquid was solidified from the cool end of the crucible (right-hand side) and grew directionally from the right-hand side to the left-hand side at a G = 22 K/mm (Figure 8a,b). A similar planar L/δ interface was observed in a Fe-0.18% C steel at a cooling rate of 100 K/min. On the other hand, cellular δ crystals grew at G = 4.3 K/mm, as shown in Figure 8c,d.



In general, depending on the temperature gradient/solidification velocity (G/V) ratio and nucleation conditions, a variety of microstructures, i.e., cellular, planar, bands and eutectic-like structures, can result from peritectic solidification.




3.2. Microstructure Evolution from Delta-Ferrite to Austenite in Low-Alloy Steels


As we know, the primary δ-ferrite phase reacts with residual liquid (L) to produce a γ-austenite phase by peritectic solidification, which is one of the most commonly observed phenomena in low-alloy steels. Generally, the solidification occurs in two distinct stages involving the peritectic reaction (L + δ→γ) followed by the peritectic transformation (δ→γ) [10,81]. It is an extremely complex and challenging phase transformation to study either experimentally or mathematically. The mechanism of the peritectic solidification is illustrated in Figure 9a, where a partial rim forms at the L/δ interface boundary and wrinkles, and thereafter, an austenite layer grows along the L/δ interface by the advance of the L/γ/δ triple point, and finally, the γ-austenite encircles the δ-ferrite, driven by liquid super-saturation. Once the reaction is completed and all the L/δ interface is covered by γ, the δ→γ transformation starts. The peritectic transformation starts by thickening of the austenite layer immediately behind the tip of this advancing γ platelet, where it proceeds on two fronts, growing into both the liquid on one side of the platelet and the δ interior on the other [82,83]. Due to the peritectic reaction and transformation during the solidification of steels, significant volumetric contraction during the solid-state transformation of δ-ferrite to γ-austenite can lead to the detachment of the solidifying shell from the mold wall [84], which can cause cracks and break-outs of steel products. Steels that undergo the peritectic reaction are the most difficult to produce with respect to surface quality, especially at high casting speeds [18,85].



It is, therefore, perhaps most important to understand the iron-based alloys solidified in non-equilibrium processes. Conventional microstructure characterization after the solidification by quenching experimental cannot reveal the rate of the reaction. Techniques need to be developed for the in situ study of high-temperature phase transformations by HT-CLSM, which provides the ability to capture solidification processes in real-time, as well as observe and measure the morphology and kinetics of phase transformations. This technique can record the phase formation and transformation on the melt surface, which is illustrated in Figure 5b. The heat is extracted at the sample bottom, and thus, the melt gradually solidifies from the bottom to the top surface. Table 1 shows a comprehensive summary of HT-CLSM applications for the crystallization behaviors during the solidification process of low-alloy steels.



Shibata et al. [10] made significant contributions by providing new insights into the progress of the solidification of peritectic grade steels using the HT-CLSM technique. It should be noticed that the rates of the peritectic reaction and transformation were too fast, and low cooling rates were more recommended for the in situ observation. Figure 10 shows the typical peritectic reaction and transformation during solidification in Fe-0.14 wt pct C and also during isothermal holding in Fe-0.42 wt pct C steels. The results showed that elliptic island-like δ crystals firstly formed in liquid at the specimen surface at 1492 °C. Thereafter, γ austenite nucleated on δ-ferrite grain boundaries at the L/δ growth front and a thin layer of γ then progressed at a high rate along the L/δ interface (the peritectic reaction). Following the separation of solid δ-ferrite from the liquid by this thin layer of austenite, the γ austenite grew into the liquid and back into δ-ferrite, respectively (the peritectic transformations) (Figure 10a–d). The clear peritectic reaction and transformation can be observed during the isothermal holding process of Fe-0.42 wt pct C steel (Figure 10e–h). In addition, the γ phase at L/δ boundary grew much faster toward δ than toward L in both steels. They concluded that the growth of γ observed during peritectic transformations in Fe-0.42 wt pct C steel could be predicted by carbon-diffusion models. This finding is consistent with the mechanism reported by Kerr et al. [81], who proposed that the high rate of the peritectic reaction could be ascribed to the higher rate of diffusion of carbon in the liquid phase. Moreover, Ohno et al. [93] also reported the carbon diffusion-controlled mechanism of the peritectic reaction in carbon steel by means of quantitative phase-field modeling. However, the peritectic reaction was not controlled by diffusion of carbon but by either a massive transformation or solidification of γ phase direct from the liquid in Fe-0.14 mass pct C steel. This was different from those obtained by Matsuura et al. [94], who reported the reaction was controlled by diffusion of carbon, and by Fredriksson [95], who reported that it was controlled by the concentration difference.



The propagation of the γ phase was also briefly described by Shibata et al. [10], and this phenomenon was systematically analyzed by Yin et al. [12,87]. Figure 11 shows the nucleation and growth of the γ phase in the δ-matrix during the δ→γ transformation process. It was found that the appearance of the γ-phase in the δ-matrix at the very beginning of the δ→γ transformation was always observed like cells at the triple point of δ-GBs (TP cell) or at δ-GBs (GB-cell) on the sample surface when critical supercooling was small at a low cooling rate. On further cooling, the cell grew along the δ-GB, and the number of γ-cells in δ-GBs increased (Figure 11a). After the nucleation of the γ-grain at the TP of δ-GBs, the growth of the γ-grain was always observed quicker at the δ-GB on cooling. The initial γ-grains had a strong tendency to spread over the whole δ-GBs and form a thin layer on both sides of the original δ-GB at a low degree of supercooling (<7 °C). At a higher supercooling, this process became much faster, i.e., almost all of the δ-GBs were covered by four large γ-grains (Figure 11b). Additionally, near-round g-cells were also observed, denoted as intragranular cells, and were frequently observed at higher supercooling. Moreover, the transformation process of γ→δ during heating was also analyzed, and it was found that the γ/δ interphase boundary was always observed in planar morphology when moving at a normal speed, which cannot be affected by the degree of the superheating, grain size of the δ-phase and diffusion field.



One of the interesting observations they made was that a growing planar δ/γ interface can degenerate into an unstable growth morphology, as shown in Figure 11b. They proposed that this morphological development could be explained by the application of the Mullins-Sekerka type stability analysis [96]. Phelan et al. [22] made an attempt to further investigate the morphology of the δ to γ phase transition, the results are presented in Figure 12. They reported that a network of sub-boundaries had formed within the δ-ferrite grain. Additionally, their formations were closely related to the steel compositions, where sub-boundaries were extremely faint and difficult to observe as reported by Yin et al. [87]. Here, γ grew preferentially along the δ-ferrite grain boundaries, forming a type of “film”, and the subsequent growth of γ was preferentially along the δ-ferrite sub-boundaries. Moreover, the presence of the sub-boundaries can explain the generation of intragranular austenite islands that merge with the grain boundary austenite.



Nucleation, growth and morphology of the precipitate phase during the phase transformation of metals and alloys are all considered to be primarily controlled by interfacial free energy between the precipitate and matrix. When an incoherent secondary phase precipitates at a matrix phase, the interfacial free energy can be calculated after measuring the dihedral angle at a triple point when the system reached equilibrium. Therefore, Yin et al. [12] also successfully applied the HT-CLSM technique to measure the dihedral angles at triple points under quasi-equilibrium in low-carbon steels. It was found that the temperature did not affect the dihedral angle. In addition, the interfacial free energy of the incoherent γ/δ interphase boundary can be reduced greatly by increasing sulfur in low-carbon steels. The obtained interfacial free energy of δ/γ interface boundary was 0.45 J/m2 and 0.6 J/m2 in this low-carbon steel and a Fe-Ni alloy, respectively [88]. Similarly, the effect of phosphorus and cooling rates on the δ→γ transformation in low-carbon steels was studied by Liu et al. [89]. They reported that the δ →γ transformation started at a lower temperature in the high-phosphorus steel, and the transformation process was clearly slower than that in the low-phosphorus steel, especially in the last stage of the transformation process. Moreover, they claimed this was due to the redistribution of phosphorus from the γ phase to the δ phase. The δ→γ transformation processes at low and high cooling rates are presented in Figure 13. In the case of a slow cooling rate (0.33 °C/s), the γ-cells appeared first from the triple points of the δ-ferrite grain boundaries (hereafter abbreviated as δ-GBs) with a trihedral shape, then with a dihedral shape from the δ-GBs and followed by spreading with finger-like patterns. The speed of spreading along the δ-GBs was usually quicker than that of growing into the δ-ferrite matrix, which agreed with the description by Yin et al. [12,87] and Reid et al. [19,97]. Conversely, at a high cooling rate (10 °C/s), the γ-cells appeared first from the δ-GBs with sword-like patterns, and spread sharply into both sides of the initial δ grain boundary. The undercooling for the δ →γ transformation increased with the cooling rate.



Except for the low-carbon steels, Fe-Ni alloys are also known to have a peritectic range of around 4 to 5 at. pct Ni. Pioneering contributions were made earlier by Fredriksson and Stjerndahl [98], who predicted the rates of peritectic reaction and peritectic transformation in Fe-Ni alloys. Arai was the first to apply the HT-CLSM device to observe in situ the real-time lateral growth of γ during the unidirectional solidification of Fe-Ni alloys in a rectangular crucible [99]. This was followed by McDonald and Sridhar [88], who investigated the peritectic reaction rate of a hypo peritectic Fe-4.2 mass pct Ni alloy and a hyper peritectic 4.7 mass pct Ni alloy in more detail, and they reported that two stages of the peritectic transition involving the liquid phase could be observed—the reaction, where γ grew along the δ-ferrite/liquid boundary, and the direct solidification of γ in liquid. It was found that, for both the hypo peritectic and hyper peritectic alloys, the reaction rate increased with increased undercooling, and the solidification rate was found to be a function of local-temperature gradients rather than undercooling. Some austenite precipitated directly out of the liquid ahead of the solid/melt interface at larger undercooling. This was due to the fact that the bulk melt was experiencing a greater ∆Tundercooling (hence, driving force) than the solid/liquid interface. Moreover, heat transfer controlled the final stage of the peritectic transition, namely, the solidification of austenite.



Later, Arai et al. [11] further studied the peritectic reaction and transformation in Fe-Ni alloys; they found that the Fe-3.67 mass pct Ni alloy solidified as planar primary δ, and transformed into γ during cooling and the γ phase grew in cellular morphology toward the L/δ interface. In the Fe-5.10 mass pct Ni alloy, the γ phase was observed to form mostly at a triple point of liquid and a δ/δ-grain boundary at the early stage of the peritectic reaction. The γ phase continued to develop until it covered all the liquid/δ interface while it increased its thickness toward both liquid and δ. The typical growth of γ phase at L/δ interface in the early stages of the peritectic reaction in this alloy is shown in Figure 14. Further cooling resulted in the rapid preferred growth of phase along δ/δ-grain boundaries. These characteristics are quite similar to those that have been observed previously for the hyper peritectic Fe-0.42 mass pct C alloy by Shibata et al. [10] and the hypo peritectic and hyper peritectic Fe-Ni alloys by McDonald and Sridhar [88]. However, γ grew about 10 times faster in liquid than the δ phase during the peritectic transformation stage, which was opposite to the results reported in previous works [10]. The Fe-5.25 mass pct Ni alloy solidified in many cases as the stable γ phase, but in some cases with the metastable δ phase as the primary phase. The metastable δ phase underwent a peritectic reaction, with the lateral growth of γ along the L/δ boundary, and transformed into cellular γ very rapidly. The measured lateral growth rate (peritectic reaction) increased from 30 to 145 µm/s with an increasing cooling rate, which was much smaller than that in Fe-C alloy. It was attributed to the much smaller diffusivity of Ni in the Fe-Ni alloy compared to C in the Fe-C alloy. A similar phenomenon was observed by Griesser et al. [91], who clearly showed that the γ phase was located predominately in the δ-phase in Fe-C system, whereas the growth of γ phase mainly occurred in the liquid phase in the Fe-Ni system, respectively.



Although the HT-CLSM technique has been widely applied for the in situ investigation of liquid-solid, solid-solid transformations during the solidification of alloys and steels, it also has its limitations as the formation of a pronounced meniscus in liquid metals, which results in a localized region of brightness, and therefore, caused a limited field of view. In addition, the HT-CLSM can only observe the surface phenomena of the sample. Hence, whether the observations on the sample surface can represent the bulk sample is unknown. In order to overcome these limitations, Reid et al. and co-authors [19,21,90] firstly improved the in situ HT-CLSM observation by using the concentric solidification technique, which has been described in detail in Section 2.2.1. The most notable advantage compared to the conventional HT-CLSM is that it has minimized the curvature resulting from the meniscus effect, which resulted in the ability to have good focus across a solid-liquid interface and almost equal light intensity. Additionally, observations on the sample surface are likely to be representative of bulk behavior due to the fact that the very thin sample is used in the concentric solidification technique and the temperature gradient in the thickness direction of the sample can be negligible.



Using this technique, the peritectic transformation rate as a function of cooling rate can be determined to a high degree of accuracy. Phelan et al. [21,90,100] systematically studied the role of cooling rate on the kinetics of the peritectic phase transformation in a Fe-C alloy. The typical observations of peritectic reaction and transformation under different cooling rates are shown in Figure 15. It can be seen that the L/δ interface had a planar morphology at both cooling rates of 10 K/min and 50 K/min. γ grew along the L/δ interface and the irregular γ/δ interface morphology was observed. The increased cooling rate resulted in an increased growth velocity of γ. A further increase in the cooling rate to 100 K/min was observed; the difference from the previous two cases was that the γ increase in the liquid phase was greater than that in the δ phase. The growth of the γ/δ interface occurred at a higher rate than the L/γ interface at a low cooling rate (10 K/min). However, the growth of γ at the L/γ interface showed a higher rate at the high cooling rate of 100 K/min. The increased cooling rate contributed to the larger concentration gradient in the liquid at the interface, which led to increased flux carbon in the liquid and resulted in a higher L/γ interface propagation velocity.



In addition, they firstly reported the re-melting of the δ phase ahead of the γ tip when the γ phase grew along the L/δ interface. It was generally accepted that the growth of γ during the peritectic reaction was determined by the rate of carbon diffusion in the liquid metal ahead of the growing interface. However, the remelting of δ phase played a crucial role in determining the kinetics of the peritectic reaction in the present study. In this case, they reported that the δ-ferrite ahead of the γ tip was melted by the latent heat release of γ solidification and immediately mixed with the liquid to form new γ. Therefore, they proposed a new mechanism that the peritectic reaction was controlled by the rate of heat dissipation released by the growing γ-austenite along the L/δ interface, rather than carbon diffusion.



Utilizing the newly developed concentric solidification technique, the nucleation behaviors of a newly forming intermediate phase by using the peritectic phase transition in Fe–C and Fe–Ni alloys were studied by Griesser et al. [23,24,91]. The effect of carbon content, alloy additions, cooling rate and the fraction of the primary δ phase that solidified before the peritectic reaction on the peritectic reaction and transformation were systematically analyzed. They reported that higher initial temperature led to a higher fraction of primary solidified δ, which, in turn, led to an increased rate of the subsequent peritectic phase transformation due to the higher thermodynamic driving force for the formation of γ. In addition, the occurrence of massive transformations under high nucleation undercooling was due to the fact that the Gibbs energy of the product phase was smaller than that of the parent phase for the same composition. This is the first time the reason for the massive transformation was clarified, which has also been observed in previous works [10,11]. They reported three different models which can clearly describe how the undercooling can affect the peritectic transformation, as shown in Figure 16. The peritectic reaction in a Fe-0.43% C steel occurred close to the equilibrium peritectic temperature with an undercooling of 2 K and a fraction of primary δ-ferrite of 0.23. Therefore, it resulted in the peritectic transformation with a planar interface morphology, which was related to a diffusion-controlled mechanism. Under the condition of undercooling of 3 K and the fraction of primary δ-ferrite of 0.81 in a Fe-0.18% C steel, it resulted in a higher driving force for the formation of γ and the peritectic transformation with a cellular/dendritic morphology, which was also related to a diffusion-controlled mechanism. With the increase of undercooling to 22 K, the fraction of primary δ-ferrite increased to 0.98 in a Fe-0.1 mass pct C steel. This led to a very steep concentration gradient of carbon in the δ-phase at the L/δ interface, and subsequently, led to the quick massive transformation from δ into γ. With the increase of undercooling, the situation became far from equilibrium. Similarly, the solidification behavior of steels with different carbon contents and cooling rates was compared by Moon et al. [26]. They found that the initial velocity of the liquid/δ interface decreased as the cooling rate decreased and the overall solute element content of steel increased in all steels. The increased cooling rate reduced the rate of solute diffusion into the liquid.



According to the above discussions, the mechanism of peritectic transformation varied with the equilibrium conditions. Therefore, a further study was conducted by the same group when the peritectic phase transition was very close to equilibrium conditions [91]. The remelting behavior of δ in front of the triple point L/γ/δ was observed during the peritectic reaction. This behavior was firstly investigated by the small incremental growth of γ caused by a small drop in temperature, as shown in Figure 17. It can be seen that when the temperature slightly decreased by dT, some amount of δ was remelted, while γ remained in a stationary position. Thereafter, the γ phase continued to grow into the re-melted gap when a certain length of dL of δ was remelted. The remelting behavior was also reported by other researchers [90,101], and they explained this by the dissipation of the latent heat of fusion released during the growth of the γ phase. However, this mechanism cannot be applied when the γ phase remained at a stationary position during the remelting of δ. Therefore, the solute diffusion mechanism was proposed to explain the remelting of δ.



Based on their experimental finds, they oncluded that the peritectic reaction and transformation can be explained by a diffusion-controlled mechanism and the peritectic transformation is strongly influenced by the solute diffusivity in the γ phase under an equilibrium condition. Moreover, the solidification occurring close to equilibrium conditions was in agreement with classical nucleation theory (CNT) predictions. However, upon non-equilibrium solidification and in the presence of solute concentration gradients in the parent phase(s), the nucleation of an intermediate phase was strongly influenced by atomic mobility, and thus, must not be neglected in modern nucleation theory. Therefore, they concluded that the peritectic transformation can occur either with diffusion-controlled transformation or massive-like transformation, which was dependent on the local nucleation undercooling. These findings clarified, for the first time, the much-debated underpinning reason for the occurrence of massive phase transformations during solidification processing at large nucleation undercooling. Combining these findings and nucleation theory, Moon et al. [26] summarized two different peritectic transformation models, as shown in Figure 18. It should be noted that the solidifying steel shell within a continuous casting mold was also plotted. High cooling rate and steep thermal gradients occurred at the liquid/solid interface, which resulted in a higher solute concentration gradient in the solid phase. Therefore, the liquid/solid interface would grow in a planar model, and the massive type of peritectic transformation can happen, which led to an uneven shell formation and an increased risk of casting defects in the mold. In the lower part of the mold, the cooling rate and the thermal gradient are lower, which results in a dendritic structure at the liquid/solid interface. Under these conditions, peritectic transformation follows a diffusion-controlled model and a thin steel shell of even thickness would form. In this case, under lower casting speeds, the defects of steel decreased; however, the plant productivity decreased, which was not conductive and economical for the long term.



Except for the direct observation of the solidification process by HT-CLSM, the phase field modeling method has also been widely adopted to predict the complicated transport phenomena and phase transformation during the solidification process of melt [22,86,100]. Phelan et al. [22,100] first applied the modeling method to simulate the sub-boundaries formations within the δ-ferrite grain. γ grew along sub-boundaries as well as grain boundaries were observed, which showed good agreement with the experimental results. Luo et al. [86] applied both in situ experiments and multiphase field modeling to investigate the peritectic solidification of low-carbon steel. The simulation results are presented in Figure 19a, and the γ-austenite nucleation and growth can be clearly predicted. Besides, the calculated propagation speed of the L/γ/δ triple point was similar to the measured one in the experimental results, which indicated that the modeling method was capable of predicting the peritectic reaction. Moreover, the L/γ/δ triple point motion was also predicted; as shown in Figure 19b, γ-austenite gradually grew with the L/γ/δ triple point motion along the L/δ interface and the curved boundaries induced by the remelting of d phase formed close to the L/γ/δ triple point, which was also observed by Griesser et al. [91]. The prediction results also showed that the advancing velocities of L/γ/δ triple point, L/γ interface and γ/δ interface increase with the increase of the cooling rate and undercooling.




3.3. Subsequent Microstructure Evolution during Austenite Decomposition in Low-Alloy Steels


The subsequent solid-state phase transformations, the decomposition of austenite plays a critical role in controlling the microstructure of steels. A range of phases can be formed due to the decomposition of austenite depending on the cooling rate, carbon content in steels. One example of the decomposition of austenite is shown in Figure 20. Widmanstäten ferrite close to the outside edge of the specimen firstly formed during the austenite decomposition. Additionally, it grew towards the center of the specimen, one pearlite nucleated and grew from the bottom left-hand corner and a second pearlite grew from the top of the image ahead of the Widmanstäten ferrite plate.



Recently, the static recrystallization behaviors and microstructure evolution of micro-alloyed slabs during the heavy reduction process were studied by combinations of HT-CLSM and electron backscatter diffraction (EBSD) [102]. The recrystallization grain evolution during the holding process after high-temperature compression was clearly observed by HT-CLSM, as shown in Figure 21. They found that stored deformation energy provided the driving force for the recrystallization process, which, in turn, consumed dislocations to stabilize the microstructure.





4. Other In Situ Characterization Methodologies Used for the Crystallization of Low-Alloy Steels


The previous section has mainly focused on the application of HT-CLSM technique for the investigation of solidification behavior in low-alloy steels, which is related to the observation of sample surface perturbations as a result of phase transformation phenomena on the microscopic level. In addition to the HT-CLSM observations, conventional thermal analysis techniques, such as differential thermal analysis (DTA) and differential scanning calorimetry (DSC), were commonly used for characterizing the steels mainly during heating and cooling. The DSC method was conducted based on the enthalpy change during phase transformations in steel. Detailed information about the DSC measurement can be found elsewhere [5,103]. Wielgosz and Kargul [7] used the DSC method to investigate the peritectic reaction during the solidification of steels. They reported that the temperature of the peritectic phase transition can be slightly affected. Three different DSC peaks upon heating and two distinct DSC peaks upon solidification were observed. However, the temperature of the γ to δ transformation during heating can hardly be measured due to the small enthalpy change. This is due to the fact that DSC method can only provide the thermal data of the sample, while the details of the different phases cannot be obtained. In addition, the DSC curves have shown difference to the equilibrium phase diagram due to the slow cooling rate compared to cooling conditions during the continuous casting process [104]. Therefore, only the DSC result cannot fully explain the exact γ to δ transformation, and additional observation should be conducted. Thus, some researchers have started to combine HT-CLSM and DSC to get a better insight into the solidification of peritectic steels [5,6,74,92,105,106,107].



The typical DSC and HT-CLSM results in Fe-0.08% C-1% Si and Fe-0.14% C-1% Si alloys are shown in Figure 22 [5]. It can be seen that a small increase of heat flow was observed in the DSC signals at 1679.65 K (1406.5 °C), which should be correct with the γ to δ transformation. In this case, HT-CLSM was particularly useful for the observation of the δ formation at the γ grain boundaries and triple points as shown in sub-image A1-II (Figure 22a). Upon further heating, the phase fraction of the δ phase increased, while the γ phase fraction decreased. The liquidus temperature can be clearly obtained by DSC results; however, it cannot be obtained by the HT-LSCM method due to the steel droplet formation. DSC measurements can provide more clear information of the solidus, peritectic and liquidus temperatures and also the transformation sequence during steel heating. Moreover, the HT-CLSM technique can prove direct evidence of the phase transformation, which can be complementary to the DSC results. By combining the two methods, we obtain the transformation sequence of γ→γ + δ→L + δ→L in the Fe-0.08% C-1% Si alloy and γ→L + γ→L + δ→L in the Fe-0.14% C-1% Si alloy.



Hechu et al. [6] further studied the solidification behavior in peritectic steel by using DSC and HT-CLSM. The DSC cooling curves and HT-CLSM results in Fe-0.07% C and Fe-0.11% C steel are shown in Figure 23 and Figure 24, respectively. It can be seen that two peaks were observed in both steels. δ phase was observed to form in the liquid at 1531 °C and the liquid phase fully solidified at 1513 °C based on the HT-CLSM results (Figure 23a,b). The corresponding L→δ transformation temperature was 1506 °C measured by DSC. The δ→γ transformation finished in 1 s and the start transformation temperature was observed at 1405 °C, which was close to 1401 °C, as obtained by DSC. Similarly, δ phase started to form in liquid steel at 1511 °C and was followed by δ growth until the sample solidified completely at 1495 °C based on HT-CLSM results (Figure 24a,b). Upon further cooling, δ→γ transformation occurred at 1434 °C and it was completed within less than a second (Figure 24c,d). The second peak of the DSC curve was reported to relate to the peritectic reaction [5,7]; however, both DSC and HT-CLSM results showed that two steel samples solidified and stayed in the solid state for about 60–70 °C until the transformation of δ→γ started. Further investigation revealed the cause of the second peak, which correlated with the bulk transformation of the solute poor dendrite cores from δ to γ. In another work, Liu et al. [107] found three peaks during the cooling of micro-alloyed peritectic steel containing 0.11 wt% C, 1.37 wt% Mn and 0.11 wt% V and reported that the second peak was related to the peritectic reaction. Therefore, we can conclude that by combining the DSC with CSLM observations, phase transformation in peritectic steels can be explained more comprehensively.



Reviewing previous work, the DSC and HT-CLSM were conducted separately to validate each other. However, the deviations can be present between different measurements because of the randomness of nucleation events during the solidification of steels even under the same cooling rate and the same atmospheric condition. To further overcome the contradiction between DSC and HT-CLSM, Moon et al. [28] made an improvement and they used an in-house built DTA, incorporated spatially into an HT-CLSM, which combines two techniques into a single apparatus. Through this new technique, they were able to obtain DTA signals at exactly the same instant in situ observations by HT-CLSM, which was more pronounced compared to other works [5,107].



Another method which is widely used to characterize the solidification behavior of metals is electromagnetic levitation. It is used to melt reactive metal samples in a containerless manner while imposing varied conditions of induced convection within the molten droplets. Basically, it was developed by using the electromagnetic force due to the alternating magnetic field [108,109] and by using the electrostatic force [110]. The phase nucleation and solidified microstructure can be significantly affected by the melt flow, while the electromagnetic levitation method enables the melt without convection [111]. Besides, various physical phenomena associated with the degree of undercooling achieved prior to solidification may be studied using this method. Currently, it has been successfully applied to carbon steel [112], stainless steel [113], Fe-10 at%Ni alloy [114], MoSiBTiC alloy [115], CuCo alloy [116], FeCu alloy [117], Fe-Cr-Ni alloy [118] and high entropy alloys [119,120,121]. However, the applications of electromagnetic levitation for the investigation of solidification behavior in low-alloy steels are quite few. Future work can be conducted to systematically study the effect of undercooling on phase transformation in low-alloy steels by using the electromagnetic levitation method.




5. Conclusions


Peritectic reactions and transformations of steel during continuous casting can lead to uneven steel shell formation and reduced heat transfer from the solidified shell to the mold, which often cause surface defects. The solidification behavior of low-alloy steels, especially the peritectic reaction and transformation, studied by using the HT-CLSM technique, are systematically reviewed. Factors affecting the crystallization, cooling rate, alloying addition, supercooling degree and initial melting temperature are discussed. The development of HT-CLSM to concentric solidification technique, and further combining HT-CLSM and DTA/DSC are discussed, and a comprehensive comparison is made. Different peritectic reaction and transformation mechanisms, depending on the supercooling degrees and cooling rates, are reported and compared. This paper attempts to review the main recent experimental and mathematical efforts directed at the understanding of microstructure evolution during the solidification of low-alloy steel.
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Figure 1. (a) Actual photo of the HT-CLSM equipment; (b) schematic illustration of its working principle, adapted images from Ref. [68] with permission. 
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Figure 2. (a) Fe-C binary phase diagram and (b) capability of temperature profile for low-alloy steel research using HT-CLSM. 
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Figure 3. Overview of concentric solidification technique, (a) the schematic illustration of sample and thermocouple set-up, (b) measurement of radiant beam diameter by the thermo-graphic paper and (c) microstructure evolution in different zones of the solidified specimen. Images adapted from Refs. [19,71] with permission. 
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Figure 4. (a) Actual picture of a specimen with a few thermocouples spot welded on different locations. (b) Image of the experimental proceeds with thermocouples for measuring the liquid temperature, which is glued to the edge of the sample holder. Here, alumina cement is used as the additional containment of movement. (c) Typical results of temperature distribution over the radial distance measured by different thermocouples. Images are taken from Ref. [27] with permission from Springer. 






Figure 4. (a) Actual picture of a specimen with a few thermocouples spot welded on different locations. (b) Image of the experimental proceeds with thermocouples for measuring the liquid temperature, which is glued to the edge of the sample holder. Here, alumina cement is used as the additional containment of movement. (c) Typical results of temperature distribution over the radial distance measured by different thermocouples. Images are taken from Ref. [27] with permission from Springer.



[image: Metals 13 00517 g004]







[image: Metals 13 00517 g005 550] 





Figure 5. (a) Schematic illustration of the set-up of combined HT−CLSM with infrared thermography; (b) typical results of the radiated heat measured by the thermographer from the low−alloy steel sample with a 1 °C/s cooling; (b,c) HT−CLSM images with the same solidification condition. Reprinted from Ref. [75] with permission from Elsevier. 
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Figure 6. (a) Schematic illustration of the set-up of simultaneously combined DTA and HT−CLSM; (b) typical results. Reprinted from Ref. [28] with permission. 
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Figure 7. (a) Actual photograph of experimental set-up at 46XU beamline at SPring-8 in Japan; (b) Schematic illustration of the experimental set-up using HT-CLSM with time-resolved SHEXRD. Reprinted from Ref. [78] with permission. 
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Figure 8. Planar (a–d) and cellular (e,f) growth of δ crystals in Fe-0.14 mass pct C alloy melt. Images adapted from Refs. [10,21] with permission. 
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Figure 9. Mechanism of peritectic solidification (a) and crystal growth in peritectic steel in HT-CLSM (b). Images adapted from Refs. [83,86] with permission. 
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Figure 10. Peritectic reaction and transformation (a–d) of Fe-0.14 mass pct C steel during solidification and (e–h) of Fe-0.42 mass pct C steel during solidification isothermal holding at 1492 °C, adapted image from Ref. [10] with permission. 
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Figure 11. Sequence of the growth of γ-triple-point cell and γ-grain boundary cells along δ-grain boundaries (a) and the morphological instability of γ/δ interphase boundaries during δ→γ transformation at a high supercooling of 11 K (b). Images adapted from Ref. [87] with permission. 
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Figure 12. Delta-ferrite sub-boundary microstructure (a) and preferential growth of austenite on a delta-ferrite sub-structure (b) and the completion of the transformation to austenite (c). Images adapted from Ref. [22] with permission. 
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Figure 13. Solid δ/γ transformation sequence at (a–d) a low cooling rate and (e–h) a high cooling rate. Images adapted from Ref. [89] with permission. 
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Figure 14. Growth of the γ phase at L/δ interface in the early stages of the peritectic reaction of the Fe-5.10% Ni alloy, (a) 0 s, (b) 1 s, (c) 4 s, (d) 7 s. Images adapted from Ref. [11] with permission. 
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Figure 15. Peritectic reaction and transformation in Fe-0.18% C alloy at a cooling rate of (a, b) 10 K/min, (c, d) 50 K/min and (e, f) 100 K/min. Images adapted from Ref. [21] with permission. 
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Figure 16. Three different modes of the peritectic phase transition observed during concentric solidification: (a) planar (diffusion-controlled), (b) coarse cellular/dendritic (diffusion-controlled) and (c) fine cellular/dendritic (massive-type of transformation). Images adapted from Ref. [24] with permission. 
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Figure 17. Incremental growth of γ by temperature decrease in a Fe-0.43% C alloy. Image adapted from Ref. [91] with permission. 
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Figure 18. Schematic diagrams of two distinct peritectic transformations in a solidifying steel shell within a continuous casting mold. Image adapted from Ref. [26] with permission. 
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Figure 19. Simulated peritectic reaction process (a) and the L/γ/δ triple-point motion along the L/δ interface during the peritectic reaction (b). Images adapted from Ref. [86] with permission. 
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Figure 20. Pearlite/Widmanstäten nucleation and growth after the decomposition of austenite in a 0.42% C steel, (a) Widmanstäten ferrite plates (W) grow from the bottom right-hand corner, (b) a pearlite colony (P) nucleates and grows from the bottom left-hand corner, (c) the first pearlite colony sweeps across the sample consuming austenite and isolating individual Widmanstäten ferrite plates, a second pearlite colony grows from the top of the image, (d) the Widmanstäten ferrite plate colony is trapped in-situ by the pearlite which continues to grow into the austenite. Images adapted from Ref. [19] with permission. 
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Figure 21. Schematic of recrystallization grain evolution with holding time obtained by HT-CLSM, (a) 92 s, (b) 138 s, (c) 182 s, (d) 188 s. Images adapted from Ref. [102] with permission. 
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Figure 22. DSC and HT-LSCM measurements of (a) Fe-0.08% C-1% Si and (b) Fe-0.14% C-1% Si. Images adapted from Ref. [5] with permission. 
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Figure 23. Combination of the DSC and CSLM results during the controlled cooling of 30 °C/min in the Fe − 0.07% C alloy sample, (a) δ phase formation, (b) the liquid phase fully solidified, (c) δ→γ transformation started, (d) δ→γ transformation finished. Images adapted from Ref. [6] with permission. 
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Figure 24. Combination of the DSC and CSLM results during the controlled cooling of 30 °C/min in the Fe-0.11% C alloy sample, (a) δ phase formation, (b) the liquid phase fully solidified, (c) δ→γ transformation started, (d) δ→γ transformation finished. Images adapted from Ref. [6] with permission. 
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Table 1. Summary of HT-CLSM activities for crystallization during solidification of low-alloy steels.
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	Authors (Year)
	Alloy System
	Highlighted Key Findings
	Ref.





	Chikama et al. (1996)
	Fe-C (0.2, 0.83)
	growth of planner/cellular/dendritic transition
	[9]



	Yin et al. (1998)
	Fe-C (0.04)
	free energy of γ/δ can be obtained by measuring the dihedral angle
	[12]



	Yin et al. (1999)
	Fe-C (0.04)
	morphological instability of δ/γ interphase boundary was observed
	[87]



	Shibata et al. (2000)
	Fe-C (0.14, 0.42)
	peritectic reaction and transformation of steels were firstly analyzed using HT-CLSM
	[10]



	McDonald et al. (2003)
	Fe-Ni (4.3, 4.7)
	peritectic reaction increased with increased undercooling
	[88]



	Phelan et al. (2004)
	Fe-C (0.06)
	γ grew preferentially along δ sub-boundaries
	[22]



	Reid et al. (2004)
	Fe-C (0.17, 0.42)
	concentric solidification technique has been firstly reported
	[19]



	Arai et al. (2005)
	Fe-Ni (3.7, 5.1, 5.3)
	initial stages of the peritectic transformation

have been clearly observed
	[11]



	Liu et al. (2006)
	Fe-C
	the effect of phosphorus and cooling rates on the δ→γ transformation was reported
	[89]



	Phelan et al. (2006)
	Fe-C (0.18)
	the L/δ interface propagated at a higher velocity than the γ/δ interface at a higher cooling rate
	[21]



	Phelan et al. (2008)
	Fe-C (0.18)
	a new mechanism that the peritectic reaction was controlled by the rate of heat dissipation released by the growing γ along the L/δ interface
	[90]



	Presoly et al. (2013)
	Fe-C (0.08–0.25)
	phase transformation of steels during the heating process observed by DSC and HT-SLCM
	[5]



	Griesser et al. (2014)
	Fe-C and Fe-Ni
	the dependency of the early nucleation process on

the presence of solute diffusion fields

of the newly forming cluster was firstly clarified
	[23]



	Griesser et al. (2014)
	Fe-C (0.1, 0.18, 0.43)
	three different modes of peritectic transformation were reported based on different undercooling conditions
	[24]



	Griesser et al. (2014)
	Fe-C and Fe-Ni
	re-melting of δ during the peritectic reaction has been clearly observed
	[91]



	Moon et al. (2015)
	Fe-C (0.05–0.44)
	potential countermeasures to avoid surface defects

during steel casting were proposed
	[26]



	Hechu et al. (2017)
	Fe-C (0.07, 0.11)
	solidification of peritectic steels was observed by DSC and HT-SLCM
	[6]



	Luo et al. (2020)
	Fe-C (0.83)
	peritectic solidification has been clearly investigated by the phase modeling method
	[86]



	Moon et al. (2021)
	Fe-C (0.06, 0.18, 0.45)
	a new technique was developed through a spatial combination of a DTA and an HT-CLSM
	[92]
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