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Abstract

:

The present work compared the solidification pattern of un-inoculated and inoculated hypoeutectic grey cast irons (3.7–3.8% CE), focused on carbide to graphite formation transition, by the use of an adequate experimental technique, able to measure real stable (Tst) and metastable (Tmst) eutectic temperatures. Have been used three ceramic cups for investigating thermal analysis: (i) for normal solidification; (ii) with addition of Te for Tmst measurement; (iii) with more inoculant addition for Tst measurement. As a general rule, measured values appear to be lower compared with calculated values (as chemical composition effects), with an average difference at 14.4 °C for Tst and 8.3 °C for Tmst. It is found a good relationship between the undercooling degree at the lowest eutectic temperature (ΔT1) and at the end of solidification (ΔT3), reported to measured Tmst. The free carbides formation (chill tendency) is in good relationship with the undercooling degree during the eutectic reaction, reported to measured Tmst, especially for thin and medium wall thickness castings. The real measured Tmst instead of calculated Tmst is compulsory for the thin wall castings production, very sensitive to carbides to graphite transition. In the present experimental conditions, no visible relationship appears to be between chill tendency and undercooling at the end of solidification (ΔT3).
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1. Introduction


Commercial cast iron is a typical multi-phase, natural metal matrix composite, including a ferrous matrix and graphite, carbides, phosphides, sulphides, nitrides etc. Figure 1 illustrates typical structures with different carbide/graphite ratios. Cementite, an iron carbide ((Fe, X)3C) usually alloyed with other elements (X = Cr, Mn, V, Mo, Ti, Nb etc.) has the highest hardness (~660 HB), whilst graphite is a relatively soft, low density material. Cementite promotes hardness and wear resistance, but negatively affects machinability, strength, ductility, toughness and thermal properties of the as-cast structure.



Transition from carbide to graphite formation is usually the target of cast iron production, especially for thin wall castings (such as for the automotive industry), and this objective is usually obtained by cast iron inoculation.



Inoculation is a graphitizing treatment of the molten iron, in order to obtain an as-cast structure without carbides and with high quality graphite shape. Generally, this treatment is applied to forestall solidification at excessive eutectic undercooling degree, favourable for carbides occurrence or/and undesired graphite morphologies, such as D-type lamellar graphite. FeSiAlX alloys including inoculating elements, such as Ca, Ba, Sr, Zr, Ce, La etc act to promote and participate in the creation of micron sized active compounds in the iron melt, to act as effective graphite nucleation sites.



The well inoculated iron undergoes less eutectic undercooling, as a result of the improvement to existing nucleation sites or by new nucleation sites developing. It was found that the increasing of the solidification cooling rate from the base up to the apex of wedges test samples led to graphite to carbide transition, more visible for lower cooling modulus castings (from W3 up to W1 ASTM A 367), and especially for un-inoculated cast irons [1,2].



Generally, carbides formation in cast irons must be avoided. Iron castings without carbides or with strong controlled carbide/graphite ratio in the structure represent more than 90% of the total iron castings worldwide produced. From the formation energy point of view, carbides are favoured, so graphite presence in the structure must be sustained. There are different possibilities to attend this target, including adequate charge materials and chemical compositions of the base iron, optimum melting procedure, efficient inoculation treatment, controlled pouring parameters, adequate moulding system etc. The problem is to have a control on the solidification potential of the cast irons and to predict its behaviour, including carbide to graphite transition, before the castings are produced.



Thermal analysis, based on the recorded cooling curves and their derivatives is one of the most effective technique, with a large industrial application, in control of solidification process in production of all of metallic castings, such as for aluminium alloys [3,4,5,6,7,8,9,10,11,12,13,14,15,16], copper alloys [3,17], zinc alloys [18], steel [19,20,21,22] and cast irons [1,8,23,24,25,26,27,28,29,30,31,32,33]. Thermal analysis is also applied on solid state evaluation of the structure characteristics of other special metallic materials, as effects of different influencing factors, such as heat treatment and quenching media on the CuAlFeMn quaternary shape memory alloy [34].



A high number of research programs are recorded, in laboratory and plant trials, in order to elucidate the problems, to better define usual applied parameters, to find other useful parameters, to connect thermal analysis parameters to practical castings properties, etc. At the moment, a lot of cast iron foundries in the world use this analysis technique, with rapid obtained results, which decide if the iron is well prepared for castings or it must be rejected (with lost money). In many cases only one thermal analysis is made, and the results indicating the acceptance or rejection of the batch, even though the result may not be reliable.



In cast iron solidification process, cooling curve and its derivatives analysis is generally used to identify the representative events which occur from the first solid state phase formation (primary austenite or graphite), through eutectic reaction (the start of eutectic nucleation, the lowest eutectic temperature and the highest eutectic temperature) up to the end of solidification. A large volume of information could be obtained, to predict carbides or graphite formation, graphite morphologies (inclusively peculiar forms for each type of graphite-lamellar, compacted or nodular), eutectic cells characteristics (size, count, distribution), inter-cells phases which are typically present at the end of solidification, but also expected mechanical properties.



The measured representative temperatures on the cooling curves must be reported to equilibrium eutectic temperatures, in both stable (graphitic) (Tst) and metastable (carbidic) (Tmst) systems. As Tst > Tmst and ΔTs = Tst − Tmst interval generally varied in 5–50 °C range, depending on a large number of factors, it is very important to identify the real position of the cooling curve in this interval. And also, the difference between the representative temperatures and eutectic temperatures Tst or Tmst, considered as undercooling in commercial irons, non-equilibrium solidified. Traditionally, these temperatures are simple calculated depending on the total chemical composition of the tested cast iron, or only silicon content, the most important influencing factor in this respect. For general application conditions this solution to establish Tst and Tmst is acceptable, but for critical solidification conditions, in iron castings production, it is not enough.



The main objective of the present work was to compare the solidification pattern of un-inoculated and inoculated hypoeutectic grey cast irons, focused on carbide to graphite formation transition, by the use of an adequate experimental technique, able to measure real Tst and Tmst eutectic temperatures, and their evaluation referring to the calculated temperatures. It was tested the possible relationship between the solidification under-cooling degrees and chill (carbide) sensitiveness, at different iron castings solidification conditions.




2. Materials and Methods


The present paper is designed to check the level of thermal analysis parameters variations, in apparently similar casting conditions. For this reason, it is paid attention on the deeply chemical characterization of the experimental irons, with 5 time repeating of the melting, for the same charge materials make-up. In this respect, the base pig iron was prepared in a coreless induction furnace (acid lining, 150 kg capacity, 1000 Hz, 155 KW) from selected steel scrap, graphitic re-carburizer, low aluminium ferrosilicon and FeMn, in order to ensure a control on the test irons, obtained by re-melting of this primary iron in a smaller coreless induction furnace (graphite crucible induction furnace, 10 kg, 8000 Hz), in the same conditions. Each heat was controlled to ensure similar thermal and chemistry history.



The target was to obtain more experimental data, in relatively the same production conditions, typically for industrial applications. Average values were used, but also the range of variation of different parameters was also considered, to evaluate their peculiar sensitiveness to possible external influencing factors.



After a heating at 1470 °C and holding at this temperature for 5 min, in the melting furnace, the base iron was tapped at 1460 °C in the pouring ladle (1450 °C), also used as inoculation recipient (10 kg capacity). The temperature was measured by Digilance IV Heraeus Electro-nite apparatus (Heraeus Electro-nite International, Houthalen, Belgium) including a multi-immersion thermocouple type. 0.15 wt.% Sr-FeSi alloy (73–78%Si, max. 0.1%Ca, max. 0.5%Al, 0.6–1.0%Sr, Fe-bal) was used as the inoculant, at 0.2–0.7 mm particle size range, and Sr as representative inoculating element in grey cast irons. Table 1 and Figure 2 illustrate the experimental schedule of the work, for applied thermal (cooling curve) analysis according to [35].



Chill (carbide formation sensitiveness) evaluation was recorded by the use of wedges samples W1, W2 and W3, defined by ASTM A 367 (Table 2) [1,2], cast in furan resin mould. Two wedge samples, at the same type, were cast for each experimental heat. The weight of wedge samples, checked after the shakeout, was included in the following range: 51–59 g and 55.8 g as the average for W1, 121–147 g and 132.9 g, as the average for W2, and 263–274 g and 271.2 g the as average for W3, respectively. Cooling modulus is defined by volume to total external area ratio.



Fractures of wedge samples were analysed, for evaluation of clear chill (CC, that portion nearest the apex, entirely free of grey areas) and total chill (TC, the region from the junction of grey fracture to the first appearance of chilled iron). The average value of the two wedge samples measurements was considered.



As Table 1 and Figure 2 show, it was designed an experimental program to consider some important possible foundry situations in grey iron castings production, such as un-inoculation and normal inoculation, and excessive/over inoculation or inoculation followed by a strong anti-graphitizing factor application (tellurium (Te) in this case).



Un-inoculated iron [A], ladle inoculated with 0.15% alloy iron [B], Te-added in the ceramic cup for normal ladle inoculated iron [C], and over-inoculation with 1.2% alloy in the ceramic cup of the base iron [D] were the experimental variants subjected to thermal analysis.



The solidification process was investigated by Quick-cupTM cooling curve analysis [35], with thermocouple included in a ceramic cup (see Figure 2) having a cooling modulus of approximately 7.5 mm (equivalent to 30 mm diameter bar). The average weight of cast iron samples obtained in ceramic cups was included in the 348–363 g range.



The three cups thermal analysis system was created by a Japanese company and applied by Kimura Foundry Group in Japan, to measure Tst and Tmst equilibrium temperatures, in stable and metastable systems [36,37]. The present paper compares all of the cooling curves and their first derivative parameters, for the considered experimental variants, offering a larger scale of information, especially on the two extreme experimented conditions.



Chemical composition is evaluated for un-inoculated and normal (0.15% alloy) inoculated irons, for all of the tested iron melt heats. In this respect, it is used OES–Optical Emission Spectroscopy (SPECTROLAB M 10, Hybrid Optic) capable of determining very low levels of minor active elements. Samples (34–35 mm diameter, 3.7–3.9 mm thickness, 25.7–26.8 g weight) have been cast in metal mould.




3. Results and Discussion


3.1. Chemical Composition


The present paper is designed to check the level of variation of the thermal analysis parameters, in apparently similar casting conditions. For this reason, it was paid attention on the deeply chemical characterization of the experimental irons (including 26 checked elements and three control factors), with five times repetition of the melting, for the same charge materials make-up. Table 3 shows the base chemical composition of test cast irons. Other found elements (wt.%): 0.0010–0.0011 Al, 0.00045–0.00069 Zr, 0.0125–0.0135 Ti, 0.005–0.015 N, 0.045–0.047 Cr, 0.042–0.043 Ni, 0.053–0.055 Cu, 0.009–0.012 Mo, 0.0039–0.0043 V, 0.0042–0.0043 Sn, 0.00040–0.00063 Sb, 0.0029–0.0031 As, 0.0019–0.0021 Bi, <0.0002 Pb, 0.0040–0.0045 Co, 0.0055–0.0060 Nb, <0.0002 W, <0.0008 Te, 0.0009–0.010 B, 0.0007–0.0009 Zn, <0.0001 La.



It is demonstrated that a cast iron foundry is expected to obtain a variation in the chemistry in apparently similar working conditions. Only the base elements, such as carbon, silicon, manganese, phosphorus and sulphur, usually reported, is not enough for a real evaluation of the solidification process in the cast iron field, in industrial conditions. Two complex chemistry control factors were used: carbon equivalent CE, Equation (1) and pearlitic influencing factor Px, Equation (2) according to Thielemann work [38]. The mentioned work refers to ductile iron, but it is also useful in grey cast iron field, to illustrate the effects of a complex chemical composition on the carbon solubility in the iron melt or on the pearlite formation sensitivity, respectively.


CE (%) = C (%) + 0.31 (%Si) − 0.027 (%Mn) + 0.33 (%P) + 0.40 (%S) − 0.063 (%Cr) − 0.015 (%Mo) + 0.053 (%Ni) + 0.22 (%Al) + 0.026 (%Co) + 0.074 (%Cu) − 0.135 (%V) + 0.11 (%Sn) + 0.115 (%Sb)



(1)






Px = 3.0 (%Mn) − 2.65 (%Si − 2.0) + 7.75 (%Cu) + 90 (%Sn) + 357 (%Pb) + 333(%Bi) + 20.1 (%As) + 9.60(%Cr) + 71.7 (%Sb)



(2)







According to the general carbon equivalent range (CE = 3.7–3.8%), the experimental cast irons are characterized by a hypo-eutectic position (CE < 4.3%), commonly used for industrial applications. Intentionally the tested grey cast irons were designed in critical solidification conditions, as low manganese and very low sulphur content, typically for actual electric melting conditions, in the foundries which simultaneously produce grey [lamellar graphite] and ductile [nodular graphite] cast irons. As result, (%Mn) × (%S) < 0.01, comparing to 0.03–0.06 beneficial level for grey cast iron, to promote smaller values of undercooling.



This critical solidification position is also strengthened by very low content of residual aluminium and zirconium, found as active elements in the first step of (Mn,X)S compounds formation, major graphite nucleation sites in commercial grey cast irons [25,26,27,28,39,40,41]. Chemical composition is also characterized by limited excessive manganese content (ΔMn < 0.2), free carbides formation promoter. Usual content of titanium and nitrogen characterizes tested cast irons. The base chemical composition and minor elements show graphitizing or anti-graphitizing effects, promoting graphite or carbides, and also, they could have ferritic or pearlitic effects, at high significance for castings properties. Pearlitic factor Px [38] is typically at 5.0–5.5 level, according to low silicon content and very low minor elements content, for manganese at low limit in grey cast irons.




3.2. Thermal (Cooling Curve) Analysis Parameters


The typical cooling curves and their first derivatives, of the test cast irons variants (Table 1, Figure 2), obtained by thermal analysis are shown in Figure 3. The found representative parameters on these curves are as following: TAL—temperature of austenitic liquidus, °C; TSEF—temperature of the start of eutectic freezing (nucleation), °C; TEU—lowest temperature of eutectic undercooling, °C; TER—temperature of graphitic recalescence, °C; TES—temperature of the end of solidification (end of solidus), °C; Tst—stable (graphitic) eutectic equilibrium temperature, °C; Tmst—metastable (carbidic) eutectic equilibrium temperature, °C; ΔTs—range of equilibrium eutectic temperature (ΔTs = Tst − Tmst), °C; ΔTm—maximum degree of undercooling referring to the stable eutectic temperature (ΔTm = Tst − TEU), °C; ΔTr—eutectic recalescence (ΔTr = TER − TEU), °C; ΔT1—maximum undercooling at the beginning of eutectic reaction, referring to metastable eutectic temperature (Tmst): ΔT1 = TEU − Tmst, °C; ΔT2—undercooling at the temperature of eutectic recalescence, referring to metastable eutectic temperature (Tmst): ΔT2 = TER − Tmst, °C; ΔT3—undercooling at the end of solidification, referring to metastable eutectic temperature (Tmst): ΔT3 = TES — Tmst, °C; FDES—minimum values of the first derivative of cooling curves at the end of eutectic solidification, °C·s−1; TEM—maximum eutectic recalescence rate, °C·s−1.



One important approach of the present work referred to the more realistic evaluation of the eutectic temperatures, in stable (Tst) and metastable (Tmst) systems, by calculation and by measurement, respectively. Equations (3) and (4) show the usually used possibility to calculate these temperatures as silicon content major influence [42]:


Tst = 1153 + 6.7 (% Si)



(3)






Tmst = 1147 − 12 (% Si)



(4)







Tellurium addition in the thermal analysis ceramic cup before iron melt pouring led to total carbidic solidification (white cast iron), as carbide formation instead of graphite, so eutectic reaction occurs at high undercooling, with TEU = TER, this measured temperature acting as Tmst temperature.



An over-inoculation treatment (1.2 wt.% Sr-FeSi alloy) applied directly in the thermal analysis ceramic cup led to total graphitic solidification, at very low eutectic undercooling, near to equilibrium conditions. In this case, TER = TEU (or only a little bit TER higher than TEU) could be used as eutectic temperature in the stable (Fe-Graphite) solidification system, noted by Tst [36,37,43].



As it was previously mentioned, the experiments have been repeated 5 times, in typically found conditions in cast iron industry, precisely to check the existence of a possible spreading of results, despite of the base test conditions. For this reason, the results are presented for each heat (usually metallurgical term), as the general range and average, too. As the average value, all of the experimental variants are according to real behaviour of each treated iron, but different thermal analysis parameters have different positions as spreading values. All this information are useful for industrial application. For iron castings producers, it is important to know that there are necessary more thermal analysis tests to establish a robust industrial technology in high quality iron castings production. On the other hand, it is important to know that one specific thermal analysis parameter has a peculiar variation behaviour.



Table 4 deals with obtained values by calculus (Si effect) and measured, in over-inoculated (Tst) and in Te-added (Tmst) cast irons, respectively. Recorded control on the chemical composition, including narrow range of silicon content variation in the 5 experimental heats led to low differences between their average values calculated Tst (0.3 °C) and Tmst (0.6 °C). Despite that, measured values are subject to larger scatter, 4.7 °C for Tst and 1.3 °C for Tmst.



As a general rule, measured values appear to be lower compared with calculated values, with an average difference at 14.4 °C for Tst and 8.3 °C for Tmst, respectively. It results that the usually used solution to evaluate the equilibrium temperature in the both stable and metastable systems, by considering only silicon content, as the most influencing factor in the chemical composition (according to Equations (3) and (4)) could not lead to precise evaluation of the cast iron solidification pattern.



Measured Tst, resulted in an over-inoculation process is also not a solution, as it depends on the accuracy of dissolving of FeSi-based alloy inoculating agent in the iron melt. Generally, higher addition rate of FeSi-based alloy is, higher the scattering results are obtained, as silicon recovery rate, especially at lower treated iron melt volume. Contrarily, very small quantity of tellurium addition and high capacity of this element to dissolve in the iron melt allow lower scattering of obtained results.



It could be concluded that the measurement of the metastable eutectic temperature by incited carbidic solidification (Te alloying) is more precise comparing to the measurement of stable eutectic temperature, incited by graphitic solidification (it is difficult to control a very high amount of silicon bearing ferrosilicon recovery before solidification). It appears that is better to consider the undercooling in different steps of solidification reported to measured metastable eutectic temperature. The highest difference between calculation and measurement appears to be as interval Tst − Tmst: limited level for calculation (0.9 °C) but significant level for measurement (5.3 °C).



In Fe-C system solidification diagram, solidification sequence starts with dendritic austenite formation in hypoeutectic cast irons, defined as less than 4.3% carbon equivalent, such as in the present experimental program (Table 3). First of all, this parameter (TAL) is defined by carbon content and all of the associated elements in the chemical composition, with silicon as the most influencing factor. On the other hand, the applied metallurgical treatments could influence the austenite nucleation sites, while local solidification conditions, varying from melt to melt (temperature, pouring time, mould) could also influence the TAL level. In the present experiments, the austenitic liquidus temperature (TAL) mainly depending on the solidification system (stable/graphitic (UI, 0.15 and 1.2 variants) or metastable/carbidic (Te variant)) and silicon contribution of the treatment alloy (Si increased by inoculation and much more for 1.2 wt.% than 0.15 wt.% alloy addition).



Normally, the highest level of austenitic liquidus characterizes the base, un-inoculated iron (the lowest Si content) (1234.3–1244.6 °C) and the lowest TAL was measured for over-inoculated iron (the highest Si content and the highest carbon equivalent) (1217.6–1239.0 °C). Si-contribution of the normal inoculation (0.15 wt.% alloy) decreases the TAL values (1233.1–1242.9 °C), while supplementary Te-addition contributed to more decreasing of this temperature (1232.1–1240.8 °C). The most scattering results level characterizes the over-inoculation cast irons (21.4 °C), where silicon recovery grade could vary in larger range, with the minimum values in normal inoculation cast irons (9.8 °C).



The start of the eutectic freezing (nucleation), TSEF, is less affected by inoculation (1208.1 °C without inoculation, 1204.8 °C for 0.15% inoculation and 1202.0 °C for over-inoculation), while Te-addition, to promote metastable solidification strong decreased this temperature (1187.4 °C), as average values.



The eutectic reaction, defined by the lowest temperature TEU and the highest temperature TER, is stronger affected by the applied treatments (Figure 4). Increasing of the FeSi-based inoculating alloy addition visible increased the both representative temperatures, illustrating a strong graphitizing effect. Te-addition cancelled the normal inoculation effect, decreasing both TEU and TER below of the base (un-inoculated) irons levels, due to promotion of free carbide formation. Similar effect of inoculation was registered also at the end of solidification, as TES continuously increased by inoculant addition increasing.



If un-inoculated and normal inoculated (0.15 wt.%) cast irons are compared, resulting the capacity of this metallurgical treatments to increase all of these three representative temperatures. This means a beneficial effect during eutectic reaction, generally expressed by decreasing the sensitiveness to free carbides formation and increasing capacity to solidify with more favourable graphite morphologies, such as type-A graphite. Higher temperature at the end of solidification process reduces the sensitiveness to form contraction defects (micro-shrinkage) or/and carbides, in inter-eutectic cells area.



More information could be obtained if defined temperatures for eutectic reaction stage and the end of solidification are compared with eutectic temperatures in stable (Tst) or/and metastable (Tmst) systems, through the specific undercooling parameters. The highest undercooling referring to the eutectic temperature in stable/graphitic system is obtained at the first part of eutectic reaction: ΔTm = Tst − TEU. The lowest eutectic temperature TEU could be referred also to metastable eutectic temperature, resulting parameter ΔT1 = TEU − Tmst. This parameter is extremely important, as it point out the sensitiveness to free carbides formation at the beginning of eutectic reaction, if TEU < Tmst and ΔT1< 0, respectively. Contrary, graphite will be formed. Usually ΔTm eutectic undercooling, comparing to stable eutectic temperature Tst is used in solidification model systems, but it is shown that the undercooling ΔT1 referring to metastable eutectic temperature Tmst is a better solution to characterize solidification pattern for the thin wall castings, as positive versus negative values means graphite versus carbides formation, respectively.



Temperature increasing from TEU up to TER as result of heat release during eutectic reaction represents the eutectic recalescence (ΔTr = TER − TEU). This parameter could be important especially for soft mould castings, favouring micro-shrinkage formation. TER−Tmst referring, as ΔT2 undercooling parameter is also important to define carbide or graphite formation at the last part of eutectic reaction: TER < Tmst (ΔT2 < 0) means carbide, while TER > Tmst (ΔT2> 0) favours graphite formation.



Figure 5 show the level of these undercooling parameters, during eutectic reaction up to the end of solidification, also reported to the eutectic interval, defined by ΔTs = Tst−Tmst, resulted from calculus or measurement. According to its capacity to activate graphite nucleation sites formation, inoculation treatment affected thermal analysis parameters, expressed by undercooling degrees level, on the entire solidification process. As average values, lower level of ΔTm (19.2 °C versus 23.8 °C) and higher position of ΔT1 (6.7 °C versus 2.1 °C) and ΔT2 (11.8 °C versus 4.7 °C) parameters during eutectic reaction and less negative values for ΔT3 (−22.1 °C versus −29.0 °C) parameter at the end of solidification characterize all of the tested inoculated cast irons.



A visible relationship was found between the undercooling referring to the metastable eutectic temperature (Tmst), at the end of solidification (ΔT3) and at the lowest eutectic temperature (ΔT1) (Figure 6). This relationship illustrates two distinct positions of un-inoculated and inoculated cast irons: more negative values for ΔT3 and lower positive values for ΔT1 for the base, un-inoculated irons, compared to inoculated cast irons.



These results sustain at least two possibilities to better capitalize the thermal analysis application to control the solidification process of cast irons: to consider the undercooling referring to metastable eutectic temperature (Tmst versus Tst) and to use ΔT1 parameter, easier and more precise measured to evaluate the solidification conditions of the end of solidification process, typically located under the level of the metastable eutectic temperature for grey iron castings. As usually the thermal (cooling curves) analysis offers information on the solidification on the beginning of eutectic reaction (corresponding to the lowest eutectic temperature, TEU), it is found that by this way could be also obtained useful information on the undercooling at the end of solidification, as these two undercooling degrees (ΔT1 and ΔT3) are in good relationship.



Figure 7 show the most important parameters identified on the first derivative of the cooling curve, for tested un-inoculated and normal inoculated (0.15 wt.% alloy) grey cast irons. For all five experimental heats, inoculation led to higher values for the maximum eutectic recalescence rate (TEM) and more negative values for the first derivative of the cooling rate at the end of solidification (FDES). The second parameter appears to be the most affected by inoculation treatment, as in this case were obtained the lowest scattered values.




3.3. Chill (Carbide Formation) Sensitiveness


In the industrial production of grey iron castings, transition from carbide to graphite formation is usually checked by the use of the wedge shape samples, defined by size and solidification cooling modulus, respectively.



Table 2 shows the size of standard test wedges, according to ASTM A367, usually used in the world foundry industry. Cooling modulus (CM) is defined as the ratio between volume and the total external casting surface and is an expression of the capacity to transfer a given quantity of heat through an existing surface to the mould. Higher cooling modulus equates to slower cooling rate and less undercooling during eutectic solidification, favourable for carbide to graphite transition.



That portion nearest the apex, entirely free of grey areas, is designated as the clear chill zone (CC). The portion from the end of the clear chill zone to the location where the last presence of cementite, or white iron is visible, is designated the mottled zone (MC). The region from the junction of grey fracture to the first appearance of chilled iron (apex) is designated the total chill (TC). The parameter relative clear chill (RCC) was considered in the present work, according to Equation (5) [1]. Both clear chill width (CC) and the maximum width of the test wedge (B) are measured for each obtained casting, in order to obtain the real values for cooling modulus (CM) and relative clear chill (RCC), respectively.


RCC = 100 [CC/B] (%)



(5)







The present experiments focused on the high cooling rate/solidification rate W1, W2 and W3 samples (furan resin mould). Thin wall castings are represented by the highest cooling rate W1 wedge, while the W2 and W3 samples reflect medium cooling rate solidification. Figure 8 summarizes the obtained results for normal inoculated grey cast irons (0.15 wt.% alloy), as effect of the solidification cooling rate, expressed by cooling modulus (Figure 8a), and the relationships between chill (carbides formation sensitiveness) expressed by RCC parameter and the undercooling referring to the metastable eutectic temperature (Tmst), in different moments of solidification: at the lowest (ΔT1—Figure 8b) and the highest (ΔT2—Figure 8c) eutectic temperatures and at the end of solidification (ΔT3 —Figure 8d), respectively.



Increasing of the cooling modulus, corresponding to the decreasing of the solidification cooling rate, led to the decreasing of the sensitiveness to free carbides formation, favouring the graphite precipitation, as the general target in iron castings production. For all of the solidification conditions, marked by the three representative wedge samples (W1—the highest cooling rate, W2, and W3 —the lowest cooling rate), there is a good relationship between chill sensitiveness and the eutectic undercooling referring to the metastable eutectic temperature, on the entire eutectic reaction stage, (Figure 8b,c).



It is found a good relationship between the free carbide’s formation (chill tendency) and the undercooling degree during the eutectic reaction, reported to metastable eutectic temperature (Tmst), for thin and medium wall thickness inoculated grey iron castings. It is underlined that the real measured Tmst instead of calculated Tmst (as chemical composition effect) is compulsory for the thin wall castings production (the highest solidification cooling rate), very sensitive to carbides to graphite transition. No visible relationship appears to be between chill tendency and the undercooling at the end of solidification (Figure 8d).





4. Conclusions


	
Traditionally, stable (Tst) and metastable (Tmst) eutectic temperatures are simple calculated as silicon effects, but the approximately obtained level is found to affect the real values of representative solidification undercooling degrees. As a general rule, measured values appear to be lower compared with calculated values, with an average at 14.4 °C for Tst and 8.3 °C for Tmst, respectively.



	
It is found that the measured Tst resulted in an over-inoculation process is not a solution, as it depends on the accuracy of dissolving of a high amount of FeSi-based alloy inoculating agent in low volume of iron melt.



	
Contrary, very small quantity of tellurium addition and high capacity of this element to dissolve in the iron melt allow to lower scattering of obtained results. Measured Tmst is recommended to be used as reference for evaluation of undercooling during entire stage of solidification.



	
Using a thermal analysis system to measure Tmst, instead of its calculation, the relationship between thermal analysis curves and the chill (carbides formation) sensitiveness is improved, especially for lower cooling modulus (higher cooling rate) iron castings.



	
As an average value, all of the experimental variants are according to real behaviour of each treated iron variant, but different thermal analysis parameters have different positions as spreading values. The most scattering results level characterizes the over-inoculation cast irons, where silicon recovery grade could vary in larger range, with the minimum values in normal inoculation cast irons.



	
For iron castings producers, it is important to know that there are necessary more thermal analysis tests to establish a robust industrial technology in high quality iron castings production.



	
It is found that ΔT1 parameter (typically for the first part of eutectic reaction), obtained by referring to measured metastable eutectic temperature Tmst, is a better solution to predict the melt quality, at least as carbide to graphite transition during solidification of thin wall castings, as positive versus negative values means graphite versus carbides formation, respectively.



	
It is shown that the inoculation could have different effects, for both temperatures and undercooling degrees measurement, at in three sections of solidification: austenite formation, eutectic reaction and the end of solidification.



	
It is found a good relationship between the undercooling degree at the lowest eutectic temperature (ΔT1) and at the end of solidification (ΔT3), reported to measured metastable eutectic temperature (Tmst).



	
It is found a good relationship between the free carbide’s formation (chill tendency) and the undercooling degree during the eutectic reaction, reported to measured metastable eutectic temperature (Tmst], especially for thin and medium wall thickness inoculated grey iron castings.



	
It is underlined that the real measured Tmst instead of calculated Tmst (as chemical composition effect) is compulsory for the thin wall castings production (the highest solidification cooling rate), very sensitive to carbides to graphite transition.



	
In the present experimental conditions, no visible relationship appears to be between chill tendency and undercooling at the end of solidification (ΔT3).
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Figure 1. Typical structure of grey cast iron (a), <2% carbides and mottled cast irons, (b) 8% carbides; (c) 20% carbides. 
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Figure 2. Experimental schedule for thermal (cooling curve) analysis. 
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Figure 3. Representative cooling curve and its first derivative for the tested cast irons: (a) un-inoculated iron; (b) inoculated iron (0.15 wt.% alloy); (c) over-inoculated iron (1.2 wt.% alloy); (d) Te-added iron. 






Figure 3. Representative cooling curve and its first derivative for the tested cast irons: (a) un-inoculated iron; (b) inoculated iron (0.15 wt.% alloy); (c) over-inoculated iron (1.2 wt.% alloy); (d) Te-added iron.



[image: Metals 10 00993 g003a][image: Metals 10 00993 g003b]







[image: Metals 10 00993 g004 550] 





Figure 4. The lowest (TEU) and the highest (recalescence) (TER) temperatures of eutectic reaction and of the end of solidification (TES) (influence of metallurgical treatments, as average values (a) and the range and average values (b) of un-and-normal inoculated irons (0.15/wt.% alloy), WI—White (carbidic) iron). 
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Figure 5. Solidification undercooling degree of un-and-inoculated grey cast irons referring to stable (ΔTm) and metastable (ΔT1, ΔT2, ΔT3) eutectic temperatures, and eutectic recalescence (ΔTr) of the experimental heats (ΔTs: (1) calculated; (2) measured). 
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Figure 6. Undercooling referring to the metastable eutectic temperature (Tmst) at the end of solidification (ΔT3) and at the lowest eutectic temperature (ΔT1) relationship. 
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Figure 7. Maximum recalescence rate (TEM) (a) and the value of the first derivative of the cooling rate at the end of solidification (FDES) (b) of un-and-inoculated grey cast irons. 
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Figure 8. Relative clear chill (RCC) depending on wedge sample cooling modulus (a), ΔT1 (b), ΔT2 (c) and ΔT3 (d) of inoculated grey cast irons. 
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Table 1. Experimental procedure schedule of grey cast irons.
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Iron *

	
CC

	
Thermal Analysis

	
Tst

	
Tmst

	
Wedge Sample [chill]




	
Temper.-Time

	
Under-Cooling

	
Calculus [Si]

	
Measured [O-In]

	
Calculus [Si]

	
Measured [Te]






	
A

	
UI

	
×

	
×

	
×

	
×

	
-

	
×

	
-

	
-




	
B

	
In

	
×

	
×

	
×

	
×

	
-

	
×

	
-

	
×




	
C

	
In + Te

	
× [C = B]

	
×

	
× [ΔT(1−3)]

	
× [C = B]

	
-

	
× [C = B]

	
×

	
-




	
D

	
O-In

	
-

	
×

	
× [ΔTm]

	
-

	
×

	
-

	
-

	
-








* UI: un-inoculated; In: inoculated (0.15 wt.% alloy); O-In: over-inoculated (1.2 wt.% alloy); Te: Tellurium addition CC-chemical composition evaluation.
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Table 2. Dimensions of Standard Test Wedges (ASTM A367).






Table 2. Dimensions of Standard Test Wedges (ASTM A367).





	
Wedge No.

	
Wedge Dimensions (mm)

	
Angle Deg. (A)

	
Calculated Parameters




	
Width (B)

	
Height (H)

	
Length (L)

	
Wedge Section Area (mm2)

	
Cooling Modulus (cm)






	
W1

	
5.1

	
25.4

	
101.6

	
11.5

	
64.8

	
0.11




	
W2

	
10.2

	
31.8

	
101.6

	
18.0

	
162.2

	
0.21




	
W3

	
19.1

	
38.1

	
101.6

	
28.0

	
363.9

	
0.35




	
W3½

	
25.4

	
44.4

	
127.0

	
32.0

	
563.9

	
0.45




	
W4

	
31.8

	
50.8

	
152.4

	
34.5

	
807.7

	
0.54
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Table 3. Base chemical composition, pearlitic factor (Px) and carbon equivalent (CE).
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Heat *

	
Inoc

	
Chemical Composition (wt.%)

	
Mn and S

	
Px

	
CE (%)




	
C

	
Si

	
Mn

	
P

	
S

	
Mn/S

	
(%Mn) × (%S)

	
ΔMn






	
1

	
UI

	
3.34

	
1.34

	
0.51

	
0.13

	
0.013

	
39.2

	
0.0066

	
0.188

	
5.35

	
3.78




	
Inoc

	
3.27

	
1.41

	
0.50

	
0.13

	
0.013

	
38.4

	
0.0065

	
0.178

	
5.17

	
3.73




	
2

	
UI

	
3.29

	
1.31

	
0.49

	
0.13

	
0.012

	
40.8

	
0.0059

	
0.170

	
5.38

	
3.72




	
Inoc

	
3.23

	
1.39

	
0.48

	
0.13

	
0.012

	
40.0

	
0.0058

	
0.160

	
5.09

	
3.68




	
3

	
UI

	
3.38

	
1.31

	
0.51

	
0.14

	
0.014

	
36.4

	
0.0071

	
0.186

	
5.43

	
3.81




	
Inoc

	
3.35

	
1.39

	
0.49

	
0.14

	
0.012

	
40.8

	
0.0059

	
0.170

	
5.21

	
3.80




	
4

	
UI

	
3.42

	
1.31

	
0.52

	
0.14

	
0.012

	
43.3

	
0.0062

	
0.200

	
5.42

	
3.85




	
Inoc

	
3.31

	
1.4

	
0.49

	
0.15

	
0.013

	
37.7

	
0.0064

	
0.168

	
5.11

	
3.77




	
5

	
UI

	
3.37

	
1.28

	
0.51

	
0.14

	
0.013

	
39.2

	
0.0066

	
0.188

	
5.49

	
3.79




	
Inoc

	
3.35

	
1.36

	
0.50

	
0.15

	
0.013

	
38.5

	
0.0065

	
0.178

	
5.23

	
3.80








* UI: un-inoculated; Inoc: inoculated (0.15 wt.% alloy); ΔMn = (%Mn) − (1.7*%S + 0.3).
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Table 4. Calculated and measured Tst and Tmst eutectic temperatures of cast irons.
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Heat

	
Tst, °C

	
Tmst, °C

	
ΔTs = Tst − Tmst, °C




	
Calculated

[Si]

	
Measured [TER]

[Over-Inoculation]

	
Calculated

[Si]

	
Measured

[TEU = TER]

[Te]

	
Calculated

	
Measured






	
1

	
1162.4

	
1145.7

	
1130.1

	
1122.4

	
32.3

	
23.3




	
2

	
1162.3

	
1146.5

	
1130.3

	
1121.2

	
32.0

	
25.3




	
3

	
1162.3

	
1150.4

	
1130.3

	
1121.8

	
32.0

	
28.6




	
4

	
1162.4

	
1148.2

	
1130.2

	
1122.2

	
32.2

	
26.0




	
5

	
1162.1

	
1148.7

	
1130.7

	
1122.5

	
31.4

	
26.2




	
Range

[Difference]

	
1162.1–

1162.4

[0.3]

	
1145.7–

1150.4

[4.7]

	
1130.1–

1130.7

[0.6]

	
1121.2–

1122.5

[1.3]

	
31.4–32.3

[0.9]

	
23.3–28.6

[5.3]




	
Average

	
1162.3

	
1147.9

	
1130.3

	
1122.0

	
32.0

	
25.9












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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