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Abstract

:

In the production of vermicular graphite cast iron, the allowable range of residual magnesium content in molten iron after treatment is very narrow, amounting to only 0.008%. Therefore, thermal analysis technology was used to quickly evaluate the vermiculation and inoculation level of molten iron at the furnace itself, thus allowing the molten iron to be adjusted in time. The additives in the sample cups play a crucial role in obtaining cooling curves with remarkable characteristics. In this study, either FeS2 or FeSi75 additives were added to one chamber of a double-chamber sample cup made of resin sand, in which the cavities of the double chambers were spherical with diameters of 30 mm. The thermal analysis curves of molten iron in the double-chamber sample cup were acquired using a double channel temperature recorder, and the solidified spherical samples were analyzed quantitatively. The influence of FeS2 or FeSi75 additives on both the cooling curves of molten iron and the graphite morphology were investigated. The experiment’s results indicated that when 0.05% FeS2 is added to one chamber of the sample cup, the cooling curve changes to the solidification pattern of gray cast iron. The continuous increase in the FeS2 additive has little influence on the shape of cooling curves, and the graphite changes form from vermicular to flaked. When the amount of FeS2 is increased from 0.05% to 0.10%, the resulting graphite changes from D-type and E-type to A-type and B-type. When the amount of FeS2 reaches 0.20%, the morphology of graphite is short and thick. With the increase in the amount of FeSi75 additive, the amount of spherical graphite in the sample cup increases gradually, and the vermicularity decreases gradually from 89% to 46%. With the increase in FeSi75 additive from 0 to 0.45%, we observed that the average diameter of graphite decreases from 23 μm to 19 μm and then increases to 22 μm. The eutectic recalescence temperature shows a decreasing trend, and the cooling curve gradually changes from a hypoeutectic to a eutectic pattern. The addition of 0.05% FeS2 or 0.45% FeSi75 to one chamber is more appropriate for a double-chamber sample cup with two spherical cavities with diameters of 30 mm. This lays a foundation for the optimization of additives when using the double-chamber sample cup for thermal analysis of vermicular graphite cast iron.
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1. Introduction


The tensile strength and hardness of vermicular graphite cast iron are between that of nodular graphite cast iron and gray cast iron, but the heat fatigue resistance and machinability are better than those of nodular graphite cast iron [1,2,3]. Moreover, the good casting performance, wear resistance, and compactness make it widely used in working environments of high mechanical thermal stress, such as in large diesel engines with high power density [4,5,6]. Vermicularity is one of the most important parameters for evaluating vermicular graphite cast iron. Generally, the vermicularity must be higher than 80% [7]. However, because the residual magnesium content of qualified vermicular graphite cast iron is only 0.01–0.018%, the narrow range makes the production process relatively complex [8]. It is therefore necessary to evaluate the vermiculation effect of molten cast iron, and thus accurately adjust the amount of vermicular agent in order to obtain qualified products with 80% or higher vermicularity.



Due to its advantages of rapidity, simplicity and accuracy, the thermal analysis method is widely used in foundries for purposes such as the determination of carbon equivalent and carbon silicon content in molten iron, the evaluation of graphite morphology in nodular graphite cast iron, and the prediction of the chemical composition and mechanical properties of gray cast iron [9,10,11]. Presently, it is also one of the most common methods that can be used to quickly predict the vermiculation and inoculation effect in vermicular graphite cast iron [12], but its insufficient prediction accuracy and slow prediction speed are urgent problems to be solved. In thermal analysis technology of SinterCast, a special metal sample cup was used for immersion in molten iron for sampling, and the inoculation index and modification index were used to present the quality of molten iron. Its key technological aim is to achieve a rapid prediction in front of the furnace through the corresponding relationship between its inoculation index, modification index and vermicularity [13,14]. For OCC thermal analysis, an appropriate amount of molten iron was poured into a special sand sample cup to predict and analyze the vermiculation and inoculation level [15]. If the vermiculation and inoculation indices reached the predetermined required range, the molten iron was allowed to enter the production line; otherwise, the opposite was true. Obviously, during the process of thermal analysis, the sample cup occupies an extremely important role which directly determines the accuracy of the measuring results [16,17]. Cree et al. [18] investigated four different thermal analysis sample cup types for the control of ductile base iron. Through comparative testing of each cup type to gage repeatability and reproducibility, it was concluded that when the cups are used for real-time control of the respective carbon equivalent, carbon, and silicon contents of ductile base iron, the “round and plain” and “square and tellurium” cups perform superiorly to the “round and tellurium” and “square and plain” cups. Shi et al. [19] studied the feasibility of achieving cooling curves with obvious characteristic points using a wet sample cups made of green sand. Taking full consideration of the thermocouple position in addition to the volume and thickness of the sample cups, a set of molds was designed to make wet sample cups of differing dimensions. The results showed that the wet sample cup is feasible only for specific alloys, and that the cooling curves of eutectic Al-Si alloys and LY12 aluminum alloys can be obtained. Kanno et al. [20] developed one-cup thermal analysis and investigated if the quality of molten metal in ductile cast iron can be predicted. The results showed that one-cup thermal analysis is a good method for predicting the graphite nodule count and shrinkage tendency (even in ductile cast iron) prior to pouring.



When the structure of the sample cup is fixed, the additive becomes an important factor of obtaining different thermal analysis curves [21]. Kanno et al. [22] used three cups with an inoculant, Tellurium, and a null modifier, respectively, to investigate the relationship between the thermal analysis curve and chill depth, concluding that a thermal analysis consisting of three cups can serve as an efficient method for the rapid prediction of the chilling tendency of cast iron melts. Boonmee et al. [23] also predicted the chill formation of gray cast iron by simultaneously pouring the tellurium-containing cup and non-tellurium cup. The tellurium addition ensured the iron carbide formation which, in turn, provided the metastable eutectic temperature of the melts, resulting in differences between the cooling curves.



On the basis of the above analysis, there are few studies on the influence that the type and amount of additive in the double-chamber sample cup have on the cooling curves and graphite morphology, which is very important for obtaining clear cooling curve characteristic points and for effectively predicting the vermiculation effect of molten iron. Therefore, in this study, the influences of FeS2 and FeSi75 in a double-chamber sample cup were investigated using experiments, and the optimal additive was ascertained. The 0.05% FeS2 or 0.45% FeSi75 additives are most appropriate for the double-chamber sample cup.




2. Experimental Section


The experiments were conducted in a workshop involved in the production of vermicular graphite cast iron. The main raw materials used in experiments were pig iron Q10 and scrap steel Q235A. Graphite carburizer, ferrosilicon, and ferromanganese were used to adjust the carbon content, silicon content, and manganese content of molten iron, respectively. The nominal chemical compositions of vermicular graphite cast iron are shown in Table 1.



A medium-frequency induction furnace was used for melting cast iron, and the amount of molten iron was 30 kg. The molten iron was tapped from the furnace into a ladle at 1450 °C ± 10 °C, and was then vermiculated and inoculated using the sandwich treatment method. A modifier of FeSiMg5RE1 with chemical compositions of Mg 5–6%, RE 0.5–1.5%, Ca 1.5–2.5%, Si 40–44%, and Al 0.8–1.0% was used as the vermicular agent, and 75# ferrosilicon was used as the inoculant. The sizes of the vermicular agent and inoculant were 3–5 mm, and the vermicular agent was coved by the inoculant in order for the boiling effect produced by the reaction between the vermicular agent and molten iron at high temperature to make the distribution of inoculant more uniform, and thus achieve a good inoculation effect.



Two K-type thermocouples were mounted at the geometric center of the two chambers of the sample cup, with the cavity of the two chambers each being spherical, with diameters of 30 mm. The analytical reagents of FeS2 or FeSi75 were used as additives, and were affixed to the inner surface of one chamber in order to investigate the influences of additives on the thermal analysis curves and graphite morphology. The structure and size of the double-chamber sample cup is shown in Figure 1. The properties and amounts of additives are shown in Table 2.



During the experiments, the molten iron after vermiculation and inoculation was poured into the double-chamber sample cup, and the thermal analysis curves were acquired using a double channel temperature recorder (HF-08T, Tianjin Huifeng Thermo Sensor Equipment Co. Ltd., Tianjin, China). The typical cooling curves (T-t) and differential curves (dT-dt) with the thermal analysis characteristic temperatures are shown in Figure 2, and the meaning of each characteristic temperature is shown in Table 3.



After solidification, a metallographic sample was taken from the middle of the cast iron sphere, and the vermicularity and graphite average size were measured using a metallurgical microscope FL8000 with the quantitative metallographic software JX2015 (Jinan Fengzhi Test Instrument Co. Ltd., Jinan, China) based on GB/T 26656 and GB/T 6394 of China, respectively. When the vermicularity was measured using JX2015, the metallographic sample was magnified by 100 times, with a field diameter of no less than 70 mm. The graphite cut with the field boundary was ignored. The vermicularity was then calculated according to the area method, namely:


  η =    ∑   A  vermiculars   + 0.5  ∑   A  intermediates          ∑   A  all   particles       × 100 %  



(1)




where η is the vermicularity, Avermiculars is the area of particles classified as vermicular graphite (similar to form III, according to ISO 945-1), Aintermediates is the area of particles classified as intermediate forms of graphite (similar to form IV and form V, according to ISO 945-1); Aall particles is the area of all graphite particles greater than or equal to 10 μm.




3. Results and Discussions


3.1. Influence of FeS2 Additive on Thermal Analysis Curves and Graphite Morphology


The purpose of adding FeS2 into one chamber of the sample cup is to consume the residual magnesium in the molten iron by increasing the sulfur content. With the decrease in residual magnesium content, the graphite will change from spherical to vermicular and then to flaked, as shown in Figure 3 [24]. The cooling curves will also change accordingly. The vermiculating and inoculation effects of molten iron were investigated by analyzing the difference between the cooling curves obtained from the two chambers.



Figure 4 shows the cooling curves (T-t) and differential curves (dT-dt) obtained using the double-chamber sample cup with different amounts of the FeS2 additive. As can be seen from Figure 4, since the same molten iron was poured into the double-chamber sample cup with different amounts of the FeS2 additive. The cooling curves of the one chamber without FeS2 are almost the same, but the cooling curves and differential curves of the chamber with FeS2 additive show a significant change. Furthermore, the key characteristic parameters extracted from the thermal analysis curves are shown in Table 4, and the graphite morphologies of the central area of the thermal analysis sample, which correspond to the different cooling curves, are shown in Figure 5.



Figure 5 indicates that the graphite morphology changed significantly after the FeS2 additive was added. When the FeS2 additive increased from 0% to 0.05%, the vermicular graphite and spherical/nodular graphite changed into long strip graphite and star/point graphite, as shown in Figure 5b. At that time, the matrix structure appeared more dendritic in its development, and there was more D-type and E-type graphite in the microstructure. When the FeS2 additive increased to 0.10%, there was no obvious dendrite in the resulting matrix, and the morphology of D-type and E-type graphite disappeared. After that, the graphite was mainly composed of A-type, partial B-type, and a small amount of point graphite, as shown in in Figure 5c. When the 0.20% FeS2 was added into the sample cup, the graphite morphology presented a short, thick shape. It can also be seen from Table 3 that after the FeS2 was added, the difference between ΔT2 and ΔT1 gradually increased, and the liquidus temperature TL was consistent with the lowest eutectic temperature TEU; furthermore, the TL and TEU measured in one chamber with FeS2 additive were basically the same, indicating that different contents of FeS2 additive have little influence on the cooling curves of molten iron.



The above variation can be explained as follows: the graphite in the chamber without FeS2 additive grows in the form of vermicular mode, while the graphite for the FeS2-containing chamber grows in the form of flakes. Comparatively, the vermicular graphite has a slow release of crystallization latent heat, and thus the inflection point of TL and eutectic undercooling occurs on the cooling curve. When the FeS2 additive is added to the sample cup, the sulfur reacts with the vermicular elements in molten iron to produce sulfide, which provides a heterogeneous nucleation core for the growth of graphite. Due to the adsorption and segregation, sulfur has a very high concentration at the crystal interface, so the carbon solubility is reduced, the activity is increased and, thus, a large number of carbon atoms precipitate from the molten iron, providing favorable conditions for graphite nucleation and growth. Moreover, sulfur can reduce the surface tension of molten iron, and thus reduce the interfacial energy between molten iron and graphite, increasing the starting temperature of the eutectic reaction. As a result, the liquidus temperature TL, lowest eutectic temperature TEU, and highest eutectic temperature TER of the thermal analysis curves will increase.



In order to facilitate observation and analysis, three groups of cooling curves are plotted together, as shown in Figure 6.



Figure 6 indicates that the influence of FeS2 content on the eutectic stage of cooling curves is not obvious, and the cooling curves present are typical of those of gray cast iron. According to Figure 3, if the residual magnesium content is less than 0.008%, the molten iron will turn to the same solidification as gray cast iron. When the molten iron after vermiculation and inoculation treatment is poured into the cavity containing the FeS2 additive, sulfur will first react with the dissolved magnesium in the molten iron to form the magnesium sulfide, which reduces the residual magnesium content to below 0.008%, resulting in the solidification of molten iron in the form of gray cast iron. It can be seen from Figure 6 that after 0.05% FeS2 was added, the molten iron in the sample cup completely changed into the solidification mode of gray cast iron, and the continuous increase in FeS2 additive had little influence on the shape of cooling curves. Therefore, 0.05% FeS2 in the thermal analysis sample cup can meet the demand and achieve the purpose of obtaining thermal analysis curves with remarkable characteristics.




3.2. Influence of FeSi75 Additive on Thermal Analysis Curves and Graphite Morphology


Ferrosilicon inoculant can increase the nucleus for forming the graphite, refine the graphite, and increase the amount of graphite in the molten iron. The increase in graphite precipitation raises the release of crystallization latent heat, which changes the shape of the cooling curve at the eutectic reaction stage.



Figure 7 shows the cooling curves (T-t) and differential curves (dT-dt) obtained from the same molten iron when they were poured into the double-chamber sample cup with different amounts of FeSi75 additive. Compared with the thermal analysis curves without the FeSi75 additive, the FeSi75 addition changed the shape and characteristics of the curves, but the degree of change differed depending on the different FeSi75 additive. For further analysis, some important characteristic values of thermal analysis curves were extracted and are shown in Table 5. The microstructure of the central area of the thermal analysis sample, corresponding to three groups of cooling curves, is shown in Figure 8, and the area fraction of the graphite was measured using Image Pro Plus (version 6.0, Media Cybernetics, Rockville, USA).



It can be seen from Figure 8 that with the increase in FeSi75 additive in the sample cup, the spherical graphite measurably increases, and the vermicularity decreases gradually from 89% to 46%. When the FeSi75 additive increases from 0% to 0.3%, the amount of small spherical graphite increases greatly, the vermicularity decreases from 89% to 58%, and the average diameter of graphite decreases from 23 μm to 19 μm, accordingly. At the level of 0.3% FeSi75, the amount of spherical graphite increases, the area fraction of graphite is the smallest, and the graphite becomes relatively fine. When the FeSi75 additive increases to 0.45%, the spherical graphite becomes relatively big, and the vermicularity decreases to 46% while the average diameter of graphite increases to 22 μm. This indicates that over-inoculation occurs. Comparing the characteristic values in Table 4, it can be found that the eutectic recalescence temperature ΔT2 for the molten iron with FeSi75 is less than ΔT1 for the molten iron without FeSi75. With the increase in FeSi75 additive, the eutectic recalescence temperature ΔT2 gradually decreases while the difference between ΔT2 and ΔT1 increases gradually.



In order to further compare the influence of FeSi75 additive on the thermal analysis curves of molten iron, the eutectic sections of cooling curves for different amounts of FeSi75 additive were replotted together in Figure 9.



Figure 9 indicates that when 0.15% and 0.30% FeSi75 are added in the sample cup, the cooling curves are those of the hypoeutectic solidification state, and the lowest eutectic temperature and the highest eutectic temperature increase comparable to those of the molten iron without FeSi75. This can be explained as follows: after the FeSi75 additive is added, silicon occupies the position of a carbon atom in the molten iron, and thus the solubility of carbon will reduce, and the carbon activity will increase. Therefore, the silicon addition is equivalent to an increase in the carbon content. This increases the precipitation of graphite. At the same time, the silicon compound can also increase the nucleus of the graphite, which shortens the diffusion path of carbon, reduces the nucleation driving force of eutectic graphite, and increases the release rate of crystallization latent heat.



When the FeSi75 additive increases to 0.30%, the cooling curves have a tendency to turn to the eutectic solidification. This is because the silicon additive not only increases the number of graphite nucleation cores, but also increases the eutectic transformation temperature. As a result, the eutectic point moves to the left, and the molten iron with hypoeutectic composition gradually changes to the eutectic solidification mode. Compared with the curves of 0.15% FeSi75, the lowest eutectic temperature will increase, while the eutectic recalescence temperature will decrease for the curves of 0.30% FeSi75. The FeSi75 additive increases the amount of small spherical graphite and decreases the vermicular graphite. The growth rate of small spherical graphite is slower than that of vermicular graphite, and the spherical graphite is surrounded by austenite during growth, reducing the amount of heat released. Therefore, this further reduces the range of the eutectic recovery temperature. When the FeSi75 additive was increased to 0.45%, the primary crystal point (which represents the formation and growth of primary austenite during solidification) disappeared. Because the increase in FeSi75 improves the carbon equivalent of molten iron to a certain extent, the molten iron may change to a hypereutectic solidification state, and the graphite nucleation in molten iron becomes the leading phase. The graphite nucleation will release more crystallization latent heat (about 3600 J/g) than that of austenite (about 200 J/g), which makes the primary crystal point disappear. With the growth of the graphite, an austenite shell will be formed around the graphite, which hinders the further growth of graphite. The release of crystallization latent heat will be significantly reduced, and most of the graphite will precipitate in a spherical form. Therefore, the crystallization latent heat and the heat emitted from the eutectic recovery stage can reach a balance, and a long eutectic platform will appear. The 0.45% 75FeSi additive is most appropriate for a double-chamber sample cup with the chamber diameters of 30 mm.





4. Conclusions


	(1)

	
Compared with the cooling curves of molten iron in one chamber without additives, the cooling curves and differential curves changed significantly after the FeS2 additive was added. When 0.05% FeS2 additive was added into the sample cup, the cooling curve changed to the solidification pattern of gray cast iron. The influence of increasing the amount of FeS2 additive on the cooling curve is not measurable. With the increase in FeS2 additive from 0.05% to 0.10%, the graphite morphology changed from D-type and E-type to A-type and B-type graphite. When the FeS2 additive reached 0.20%, the morphology of graphite became short and thick.




	(2)

	
After the FeSi75 additive was added into the sample cup, the amount of spherical graphite increased significantly. With the increase in the FeSi75 additive, the vermicularity decreased gradually from 89% to 46%, and the average diameter of graphite decreased from 23 μm to 19 μm and then increased to 22 μm. In addition, the cooling curve changed from a hypoeutectic to a eutectic solidification state. When the FeSi75 additive was increased, the lowest eutectic temperature increased, while the eutectic recalescence temperature decreased. When 0.45% FeSi75 additive was added, the molten iron reached eutectic solidification, and a longer eutectic platform appeared on the cooling curve.




	(3)

	
The 0.05% FeS2 or 0.45% FeSi75 additives are most appropriate for the double-chamber sample cup with chamber diameters of 30 mm.
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Figure 1. Structure and size of the double-chamber sample cup. 
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Figure 2. Typical cooling curve (T-t), differential curves (dT-dt) and characteristic temperatures of vermicular graphite iron. 
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Figure 3. Relationship between total residual magnesium content and nodularity. 
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Figure 4. Cooling curves and differential curves with different amounts of FeS2: (a) 0.05% FeS2, (b) 0.10% FeS2, (c) 0.20% FeS2. 
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Figure 5. Graphite morphology at the central area of thermal analysis sample when FeS2 additive was used: (a) 0% FeS2, (b) 0.05% FeS2, (c) 0.10% FeS2, (d) 0.20% FeS2. 
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Figure 6. Comparison of cooling curves with different content of FeS2. 
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Figure 7. Cooling curves and differential curves with different amounts of FeSi75: (a) 0.15% FeSi75, (b) 0.30% FeSi75, (c) 0.45% FeSi75. 
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Figure 8. Graphite morphology at the central area of thermal analysis samples with different amounts of FeSi75: (a) 0% FeSi75, vermicularity 89%, area fraction of graphite 0.115, (b) 0.15% FeSi75, vermicularity 78%, area fraction of graphite 0.113, (c) 0.30% FeSi75, vermicularity 58%, area fraction of graphite 0.102, (d) 0.45% FeSi75, vermicularity 46%, area fraction of graphite 0.104. 
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Figure 9. Eutectic sections of cooling curves with different amounts of FeSi75 additive. 
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Table 1. Nominal chemical compositions of vermicular graphite cast iron (wt.%).
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	C
	Si
	Mn
	S
	P
	Cu
	Mg





	3.7~3.8
	2.0~2.4
	≤0.6
	0.01~0.02
	≤0.06
	0.3~0.6
	0.010~0.018
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Table 2. Type and amount of additive in one chamber of double-chamber sample cup.
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	Type
	Size (Mesh)
	Purity (%)
	Content of Si (wt.%)
	Addition Amount (wt.%)





	FeS2
	80
	99.9
	—
	0.05

0.10

0.20



	FeSi75
	80
	99.7
	Si: 74–80
	0.15

0.30

0.45
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Table 3. Meaning of each thermal analysis characteristic temperature.
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	Characteristic Temperature
	Meaning





	TL
	Liquidus temperature: the temperature of initial austenite formation, responding to the first peak of dT/dt



	TEU
	Lowest eutectic temperature: responding to dT/dt = 0



	TER
	Highest eutectic temperature: responding to dT/dt = 0



	ΔT
	Eutectic recovery temperature: ΔT = TER − TEU



	TES
	Temperature at final solidification point
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Table 4. Key characteristic values of the curves when FeS2 additive was added in one chamber of the sample cup.
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FeS2 Content (wt.%)

	
Characteristic Temperature of the Chamber without FeS2 (°C)

	
Characteristic Temperature of the Chamber with FeS2 (°C)




	
TL

	
TEU

	
TER

	
ΔT1

	
TL

	
TEU

	
TER

	
ΔT2






	
0.05

	
1141.4

	
1133.8

	
1137.6

	
3.8

	
1144.9

	
1144.9

	
1150.4

	
5.5




	
0.10

	
1142.0

	
1134.6

	
1138.2

	
3.6

	
1144.9

	
1144.9

	
1150.8

	
5.9




	
0.20

	
1144.1

	
1135.7

	
1137.2

	
1.5

	
1145.0

	
1145.0

	
1149.5

	
4.5
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Table 5. Important characteristic values of the curves with different amounts of FeSi75.
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FeSi75 Content (wt.%)

	
Characteristic Temperature of the Chamber without FeSi75 (°C)

	
Characteristic Temperature of the Chamber with FeSi75 (°C)




	
TL

	
TEU

	
TER

	
ΔT1

	
TL

	
TEU

	
TER

	
ΔT2






	
0.15

	
1141.6

	
1135.4

	
1138.9

	
3.5

	
1140.8

	
1138.4

	
1140.6

	
2.2




	
0.30

	
1142.6

	
1136.0

	
1139.6

	
3.6

	
1140.3

	
1139.6

	
1141.7

	
2.1




	
0.45

	
1142.5

	
1137.1

	
1141.2

	
4.1

	
1140.6

	
1140.6

	
1142.5

	
1.9
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