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Abstract

:

The present paper reviews original data obtained by the authors from recent separate publications with additional unpublished data, specifically concerning the Lanthanum (La)’s role in the solidification pattern and graphite formation in gray cast irons. Iron melting at 0.018–0.056%S, a 3.7–4.1% carbon equivalent (CE) and less than 0.005%Alresidual are inoculated with La-bearing FeSi alloys at different associations with other inoculating elements. Complex Al-La small inclusions as possible better nucleation sites for (Mn,X)S compounds and La-Ca presence in the body of these sulfides, which possibly provide better nucleation sites for flake graphite, are identified in 0.026%S cast iron. At a lower sulfur content (0.018%S), La,Ca,Al-FeSi alloy still has a high efficiency, but more complex La-bearing alloys are recommended for a higher dendritic austenite amount (LaBaZrTi–FeSi) or for lower eutectic recalescence (LaBaZr–FeSi). La has limited but specific benefits at 0.05–0.06%S irons, including favorable graphitizing factors (a higher amount of graphite precipitated at the end of solidification), lower eutectic recalescence, and a lower value of the first derivative at the end of solidification. When La,Ca,Ba,Al,Zr,S-FeSi treatment (0.035%S base iron) is used, Scanning Electron Microscopy (SEM) analysis finds that the first formed micro-compound is a complex Al-silicate (Zr,La,Ca,Ba presence), which supports the nucleation of the second compound (Mn,Ca,La)S type. At the sulfide-graphite interface, there is a visible thin (nano size) Al-silicate layer (O-Al-Si-Ca-La system), which is more favorable for graphite nucleation (it has better crystallographic compatibility). La is identified in all three important areas of nucleants (the first is formed oxidic nucleus, the second is nucleated Mn-sulfide and the third is a sulfide-graphite interface), thereby increasing the efficiency of graphite nucleation sites.
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1. Introduction


Previous relevant research programs have pointed out that complex manganese sulfide (Mn,X)S type (1–10 μm size), which is usually nucleated on the previous formed oxide type micro-compound (0.1–3 μm size), is the major nucleation site for lamellar graphite formation in commercial gray cast irons, which usually occurs with results of more than 0.025%S [1,2,3]. It has been found that this complex process is sustained by: (a)promoting micro-oxides formation, which is suitable for nucleating MnS compounds that have small sizing and are highly compact; and (b) a transition from simple MnS to complex (Mn,X)S; this improves their graphite nucleating capacity, especially by decreasing the mismatch between this substance and the (0001) face of the graphite [4,5,6,7], particularly for more than 0.02%S in cast iron [8]. In some previous experiments, re-sulfurization to obtain (%Mn) × (%S) = 0.03–0.06 [9], preconditioning with strong oxide forming elements (Al, Zr) [1,2,10,11], more potent inoculants [12], and inoculation enhancement with S, O, and oxy-sulfide forming elements [13] were found to be beneficial treatments (Figure 1), especially for critical solidification conditions such as a low sulfur content and a high cooling rate. The important role of MnS in graphite nucleation has also been noted by other papers [14,15].



For excessively low S-content, nitrides/carbo-nitrides also appear to have an important role in graphite nucleation [16,17,18,19].



The present paper reviews original data obtained by the authors from recent publications [12,20,21] and their additional unpublished data, specifically concerning the La’s role in the solidification pattern and graphite formation in gray cast irons at 0.018–0.056%S and <0.005%Alresidual, by using cooling curve and structure analysis and graphite nucleation sites evaluation to check previously obtained results and to find new data.




2. Materials and Methods


Table 1 summarizes the research programs with their representative parameters to evaluate the responses of different gray cast irons melts (Table 2) to La-bearing FeSi alloys treatment. Very low (0.018%S), low (0.026%S), relatively low (0.035%S), and medium (0.046–0.056%S) levels of sulfur content were considered, which are typical of the actual variants of electric melting gray cast iron in the foundry industry. For the close level of manganese content (0.40–0.57%Mn), the control factor (%Mn) × (%S), which has been found to be an important influencing factor on the graphite nucleation in gray cast iron [9], varied in a large range (0.0014–0.029). At 3.19–3.77%C and 1.11–1.75%Si, the experimental cast irons were characterized by a 3.69–4.11% carbon equivalent (CE) and occupied hypo-eutectic positions in the Fe-C diagram. Irons melted in coreless induction furnaces were subject to ladle and in-mold inoculation at different alloy addition rates (0.10–1.5wt.%). FeSi based inoculants were used with different associations of the active elements that are typically involved in graphite nucleation sites formation: Ca-Al, La-Ca-Al, La-Ca-Al-Zr, La-Ca-Al-Ba, La-Ca-Al-Zr-Ba, La-Ca-Al-Zr-Ti, La-Ca-Al-Zr-Ba-Ti and La-Ca-Al-Ba-Zr-S. From the graphite formation point of view, four important objectives were considered: La-efficiency in low-S gray cast iron (Program I); the efficiency of Zr/Ba/Ti/addition to La-bearing FeSi in very low S-gray cast iron (Program II); the La-addition to Ca,Al-FeSi for an optimum Mn-S relationship (Program III); and Graphite nucleants analysis (Program IV).



Experimental data included the characterization of possible graphite nucleation sites, cooling curve analysis parameters, chill tendency, graphite size and morphology, carbides occurrence, pearlite/ferrite ratio and eutectic cell count.



Thermal (solidification cooling curve) analysis was used (Standard Quick-CupTM system) [22], including a ceramic cup at a 7.5 mm cooling modulus, similar to 30 mm diameter bars. The cooling curve and its first derivative were taken into consideration as the most important events such as representative temperatures, solidification undercooling degrees, eutectic recalescence and the maximum recalescence rate and the graphitizing factors.



Different chill wedge samples, cast in furan resin (3.0 wt.%) and p-toluenesulfonic acid (PTSA) (6.53 wt.% S content, and 1.5 wt.% addition) and bonded with a silica sand (95.5 wt.%) (FRSPTSA) molding system were used for their chill tendency (free carbides formation sensitiveness) evaluation. Clear chill (CC) that portions nearest to the apex entirely free of gray areas), and total chill (TC—the region from the junction of gray fracture to the first appearance of chilled iron) were measured on the fractures of wedge samples. The parameter relative total chill (RTC) was also considered in the present work, in accordance with Equation (1) [23]. Both total chill width (TC) and the maximum width of the test wedge (B) were measured for each obtained casting, in order to obtain the real values for relative total chill (RTC).


RTC = 100 [TC/B] (%)



(1)








3. Results


The main objective of the first research program (I, Table 1 and Table 2) wasto examine the effect of La in addition to Ca and Al in inoculated low S gray cast irons (0.026%S) [12] by using thermal analysis, chill tendency and structure characteristics (Figure 2) and nucleation sites of graphite particles (Figure 3), respectively.



The La,Ca,Al-FeSi alloy causes reductions of the maximum eutectic undercooling (ΔTm), as defined in Figure 2a referring to the equilibrium eutectic temperature in the stable system (Tst), as a result of increasing the lowest eutectic temperature (TEU) (ΔTm = Tst − TEU).



As a result, the chill tendency decreases, thereby affecting both clear chill (no graphite) and total chill (increasing the disappearance of carbides). We used a Chill Wedge (W1, ASTM A 367: 5.1 mm base width) cast in furan resin sand mold (1350 °C).



This inoculant also reduces the carbides amount, improves the graphite morphology (reducing the undercooled D-type graphite amount in favor of a uniform distributed A-type graphite) and significantly increases the eutectic cell count (Figure 2b). A standard 30 mm diameter Test Bar, cast in furan resin sand mold, was used for metallographic structure analysis. According to another work [24], lanthanum addition (0.1 wt.% La is the best) improves the microstructure and graphite shape, mechanical properties and wear-resistance in gray iron castings.



By using SEM analysis (detector UTW Sapphire; 128.1eV resolution; 0.01 μm point distance; 50 ms Dwell; 100 μs TC), a previous work [12] found that La is mainly concentrated in the first formed oxide-based micro-inclusions (similarly to Al), but also at an important level in the shell of (Mn,X)S compounds (Figure 3). It was assumed that La forms micro-inclusions later than Al, as the La-reached phase typically surrounds the Al-reached phase. Complex Al-La small micro-inclusions, as possible better nucleation sites for (Mn,X)S compounds and the presence of La-Ca in the shell/body of these sulfides, and as possible better nucleation sites for flake graphite, appear to obtain the peculiar effects of La bearing provided by the Ca,Al-FeSi alloy. Due to the very low size of the analyzed micro-inclusions, the matrix contribution was not avoided in any cases in this evaluation technique.



Our second research program (II, Table 1 and Table 2) [20] recorded cooling curves as a mean to illustrate the influence of different active elements (Zr, Ba or Ti) accompanying La, in very low S (0.018%S) and Al (0.0015%Al), 4.1%CE cast irons. In-mold [involving a ceramic cup and a cooling modulus of approximately 7.5 mm], inoculation was applied directly in the Quik-cupTM cooling curve analysis equipment [22] for the same alloy addition rate.



The relative performance (Equation (2)) of tested inoculation variants as their capacity to improve the representative events on the cooling curve (see Figure 2a) involved in structure formation is shown in Figure 4. Increasing of the temperature of austenitic liquidus (TAL) provides a higher capacity to form austenite dendrites (solid solution of carbon in γ-iron), resulting in increased mechanical properties. If the TSEF (temperature of the start of eutectic freezing/nucleation) increases, it allows the early formation of an eutectic structure, which becomes more probable without any free carbides occurrence. TEU (the lowest eutectic temperature) increasing provides the possibility to avoid free carbides and to promote graphite formation at the beginning of the eutectic reaction. In this way, favorable graphite morphology (A-type graphite) is promoted, while undercooled graphite morphologies such as B and D are restricted. The maximum eutectic temperature (TER-temperature of eutectic recalescence) determines the eutectic recalescence [ΔTr = TER − TEU], which is responsible for higher sensitiveness to contraction defects formation (shrinkage, micro-shrinkage), especially in soft molds, so generally, a reduced level of this parameter is a better effect of inoculation. A higher level of the temperature at the end of solidification (TES) shows a reduced sensitiveness to form free carbides and micro-shrinkage, mainly in the inter-eutectic cells area, at the end of solidification.



The relative performance of inoculant (i) wasestimated by using Equation (2):


RPi = Σκ(Xik − CLk)/Sk



(2)




where Xik is the measured value of property (k)using inoculant (i), CLk is the average value for property set (k) (column) and Sk is the standard deviation from the set. Thermal analysis performance was averaged and used as one parameter: (k). The average performance had a level of 0%.



For general application, the La,Ca,Al-FeSi alloy has a high efficiency in low S and Al and higher CE gray cast irons, leading to electrical melting without any other active elements contributing to this outcome. For specific applications, some more complex La-bearing alloys are recommended, such as for higher dendritic austenite amount promotion (LaBaZrTi–FeSi alloy) or for lower eutectic recalescence (LaBaZr–FeSi alloy).



In research program III (Table 1 and Table 2), standard cooling curves investigations were undertaken to explore the inoculation effects of Ca and La-Ca bearing FeSi alloys in 3.7–3.8%CE and an optimum S and Mn relationship [0.046–0.056%S, (%Mn) × (%S) = 0.024–0.029] in gray cast iron. Representative temperatures on the cooling curves and under-cooling degrees (see Figure 2a) were correlated with the chill [carbides sensitiveness] in wedge shape castings at a different cooling modulus (W1, W2and W3samples, as defined by ASTM A 367) [25] solidified in a resin sand mold (Table 3). The Cooling modulus (CM) was defined as the ratio between the 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 mold. A higher cooling modulus equates to a slower cooling rate and lower undercooling during eutectic solidification.



A supplementary addition of La to Ca-bearing inoculants has limited, but specific benefits in these cast irons: a lower eutectic recalescence (ΔTr) and a maximum recalescence rate (TEM) (Figure 5a), higher GRF1 and lower GRF2 (less influenced) graphitizing factors [26] (Figure 5b) and a lower chill tendency, especially for the lower cooling modulus, which means a higher solidification cooling rate is obtained under these circumstances (Figure 5c).



The graphitizing factor GRF1 was expressed by using the registered time for the 15 °C temperature decreasing after the TER (temperature of eutectic recalescence, the highest eutectic temperature level) point. A higher GRF1 factor means that the nucleation and the growth of eutectic recalescence occurs over longer time periods, resulting a higher graphite amount formation in the second part of the eutectic reaction. The resulted graphitic force pushes the last metallic liquid into the previous formed contraction micro-cavities, thereby resulting in compact casting. GRF2 is illustrated by the angle of the first derivative at the temperature of the end of solidification (TES), which was calculated through the use of the FDES (first derivative level at the end of solidification) parameter (see Figure 2a). Low values of FDES [more negative values] and of the GRF2 parameter are related to a high thermal conductivity, which means a higher amount of graphite precipitated at the end of solidification. The graphite formation in this stage of solidification contributes to decreasing the micro-shrinkage formation incidence.



A new research program (IV, Table 1 and Table 2) was recorded (0.035%S, 4.0%CE irons) with different inoculating element formulas, including S, Al, Zr, Ca, Ba and La. Metallographic and SEM (FEI QUANTA 450 FEG (FEI, Hillsboro, OR, USA) microscope) structure analyses were performed. This work focused on the SEM analysis results in order to characterize the identified micro-inclusions with visible or not-visible roles in graphite formation that were embedded in the metal matrix or had visible contact with graphite particle, by assessing them using different grades (partial contact, total contact or embedded in graphite particles).



Special attention was paid to the interface area between the micro-particle and grown graphite particle on that surface. Typical identified compounds, embedded in the metal matrix or with a possible role in graphite nucleation are shown in Figure 6 for La,Ca,Ba,Al,Zr and S-FeSi treatment.



Table 4 summarizes the chemical composition of identified compounds with or without a visible core/nucleus (compounds A…H shown in Figure 6) in different analyzed areas, such as into the compound center/core (C-C), compound body (C-B), compound-graphite interface (C-G), compound embedded in the metal matrix (Mx) and compound embedded into the graphite (G).



A particle embedded in the metal matrix (Compound E, Figure 6 and Table 4, at 6.7 μm size) without apparent contact with graphite appears to be a manganese sulfide, with a La2S3 micro-particle in its central area, which has an important quantity of La (3.4wt.%) and lacks an identified oxygen presence.



The chemical composition of the representative areas on the cross section is shown in Figure 7 for compound F and in Figure 8 for compound H (Figure 6).



Figure 7 shows a typical micro-compound (3.5 × 5 μm size) (Particle F, Figure 6), mainly including Mn and S, with a Mn/S = 1.6 ratio that is closer to the sthoichiometric level, which acts as a nucleating site for lamellar graphite. La appears to have an important distribution in this particle because it is defined as a (Mn,La)S system. At the compound-graphite interface, the Mn and S content decrease and active elements, such as Ca, Ba, La and Zr, are present in this area.



It was supposed that the presence of these inoculating elements improved the structure parameters of manganese sulfide particle in this area in order to be more active in graphite nucleation.



For other compounds, an oxide-based chemistry of the first formed micro-compound was visible, including O-Al-Si-Zr-Ca-Ba-La, which acted as a nucleus/core of the analyzed compound. No clear difference appeared in the chemical composition between the center and the surface area of this oxide-based particle.



The second formed compound did not include oxygen and oxide-forming elements, but did mainly include manganese and sulfur as a (Mn,X)S-type particle, where X = Ca, Ba, La and Zr. These elements were dissolved in manganese sulfide or they formed specific sulfides that were dissolved in a manganese sulfide compound.



(Mn,X)S compounds, generally known as a polygonal morphology, lead to regular polygonal forms through the presence of some active elements. These compounds are characterized by different values of the Mn/S ratio between the sulfide body and the sulfide-graphite interface area, where Mn is partially replaced by Ca, Ba, La and Zr.



Compound H (Figure 6 and Table 4) is a typical example in this respect. SEM analysis found that the first formed micro-compound (1.7 μm size) is a complex Al-silicate (mainly Zr, also Ca, Ba and La). This previously formed particle supports the nucleation of the second compound (6.5 μm size) in a (Mn,Ca and La)S system and under a general polygonal morphology (Figure 8).



For the analyzed particle H at the compound (Mn,X)S, the graphite interface is visible as a thin Al-silicate layer (O-Al-Si-Ca-La) which is more favorable for graphite nucleation, which leads to a better crystallographic compatibility (involving a hexagonal system, such as occurs for graphite, versus a cubic system, which typically occurs for sulfide) and a low mismatch between this substance and the (0001) face of graphite.



In order to obtain more information on the possible compounds formation, the graphs in Figure 9 illustrate the different associations between oxygen and sulfur on the one hand, and find oxide or/and sulfite forming elements (Fe, Si, Al, Mn, Ca, Ba, Zr and La) on the other hand, in different areas (see Table 4) of all of the analyzed particles (see Figure 6).



The identified nucleus of (Mn,X)S compounds appears to mainly possess an Al-O association (probably Al2O3), which previously nucleated in the metal melt before manganese sulfide formation occurred, and acts as a nucleation site for this second compound. This oxide-based previous compound also includes inoculating elements, mainly Zr but also La, Ca and/or Ba at a lower level. These elements, which are associated with oxygen or sulfur, could increase the nucleation capacity of MnS on the Al2O3 support (such as for compound H, see Figure 6). Alternatively, these elements could form specific compounds as nucleation sites for MnS, as compound E (Figure 6) suggests: without Al and O, this nucleus contains La, Zr, Ca and Ba. The relationships between oxygen and inoculating elements show the increasing of the Zr and La content with O content, but witha less visible relationship for Ca and Ba.




4. Conclusions


	
The obtained results re-confirm the role of complex (Mn,X)S compounds at a micron size (1–10 μm) and with and without a visible nucleus as an oxide origin (0.1–3 μm), as major graphite nucleation sites.



	
For La,Ca,Ba,Al,Zr and S-FeSi treatment (0.035%S base iron), SEM analysis finds that the first formed micro-compound is a complex Al-silicate (including Zr, La, Ca, Ba), which supports the nucleation of the second compound formed (Mn,Ca,La)S.



	
The graphite nucleation capacity of MnS compound increases through the addition of inoculating elements which act on the first formed oxidic compound (favoring MnS formation) and by replacing Mn in the Mn-S compound, thereby decreasing the mismatch between this substance and the (0001) face of graphite.



	
Additionally, a possible thin (nano size) layer is identified at the sulfide–graphite interface, including oxide-forming elements (O–Al–Si–Ca–La), that is able to increase the capacity of (Mn,X)S to nucleate graphite (leading to better crystallographic compatibility).



	
La is identified in all of the three important areas of nucleants (the first formed oxidic nucleus, later nucleated Mn-sulfide and at sulfide-graphite interface), thereby increasing the inoculating efficiency of the elements.



	
With a very lower S-content (0.018%S), the La,Ca,Al–FeSi alloy still has a high efficiency, but more complex La-bearing alloys are recommended with a higher dendritic austenite amount (LaBaZrTi–FeSi) or with lower eutectic recalescence (LaBaZr–FeSi).



	
La has limited but specific benefits with an optimum content of 0.05–0.06%S in cast irons; a lower eutectic recalescence and maximum recalescence rate, higher GRF1 and lower GRF2 graphitizing factors and a lower value of the first derivative at the end of solidification are favorable conditions for decreasing the micro-shrinkage formation incidence.
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Figure 1. Influencing factors on three-stage graphite formation in gray cast irons. 
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Figure 2. Cooling curve parameters (a) and results of the La,Ca,Al-FeSi inoculation (b) (Program I). 
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Figure 3. Atypical example of chemical analysis along a cross-section of complex (Mn,X)S compounding La,Ca,Al-FeSi inoculated gray cast iron (Program I): (a) Compo image; (b) Mn, S; (c) O, Al, Si; (d) Ca, La. 
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Figure 4. Relative performance of tested inoculants as representative temperatures on the cooling curves. 
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Figure 5. Eutectic recalescence ΔTr and the maximum recalescence rate (TEM) (a), graphitizing factors GRF1 and GRF2 (b) and the chill tendency (c) of Ca-FeSi and La,Ca-FeSi inoculated gray cast irons (Program III). 
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Figure 6. The analyzed compounds (chemical composition, Table 4) in connection with graphite (A–D,F,H), embedded in graphite particle (G) and embedded in the metal matrix (E). 
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Figure 7. Chemical composition on the cross section of the F-compound (Figure 6): (a) S, Mn, Mn/S; (b) Si, Ca, Ba, La, Zr. 
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[image: Minerals 10 01146 g007]







[image: Minerals 10 01146 g008 550] 





Figure 8. Chemical composition on the cross section of the H-compound (Figure 6): (a)-S, Mn; (b) Ca, Ba and La; (c) O,Al,Si,Zr. 
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Figure 9. Elements associated in chemical composition, in different analyzed areas of compounds (see Figure 6. Table 4), embedded in metal matrix and connected with graphite particles: (a) Fe-Si-Al-O; (b) Mn-O-S; (c) Ca-O-S; (d) Ba-O-S; (e) Zr-O-S; (f) La-O-S; (1….17, Analyzed areas, Table 4). 
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Table 1. Experimental programs.






Table 1. Experimental programs.





	
Program

	
Sulfur

	
(%Mn) × (%S)

	
FeSi-Alloys

(wt.%, Technique)

	
CE%

	
Inoculation

Objectives

	
Analyses *




	
Level/wt.%






	
I

	
Low/0.026

	
0.015

	
La,Ca,Al

[0.15, Ladle]

	
3.69

	
La-Efficiency in Low-S Gray Cast Iron

	
CC/Chill

Structure

SEM




	
II

	
Very Low/0.018

	
0.008

	
La,Ca,Al

La,Ca,Al + Zr/Ba/Zr,Ba/Zr,Ti/Zr,Ba,Ti

[0.10, In mold]

	
4.11

	
Efficiency of Zr/Ba/Ti/addition to La-bearing FeSi, in very low S-Gray Cast Iron

	
CC

Structure




	
III

	
Medium/0.046–0.056

	
0.024–0.029

	
Ca,Al

Ca,Al + La

[0.25, Ladle]

	
3.77

	
La-addition to Ca,Al-FeSi, for optimum Mn-S relationship

	
CC

Chill




	
IV

	
Relative Low/0.035

	
0.0014

	
La,Ca,Ba,Al,Zr,S

[over-inoculation]

[1.5, In Mold]

	
4.00

	
Graphite nucleants analysis

	
SEM








* CC—cooling curves analysis.
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Table 2. Chemical composition of test gray cast irons (wt.%).






Table 2. Chemical composition of test gray cast irons (wt.%).





	Pr
	C
	Si
	Mn
	P
	S
	Al
	Ti
	Ca
	La
	Ce
	Mg
	CE





	I
	3.19
	1.60
	0.57
	0.068
	0.026
	0.003
	0.005
	0.0055
	0.0023
	0.002
	0.001
	3.69



	II
	3.77
	1.11
	0.44
	0.020
	0.018
	0.0015
	0.0022
	0.004
	0.0005
	0.002
	0.0004
	4.11



	III
	3.23
	1.75
	0.53
	0.14
	0.056
	0.0037
	0.014
	0.007
	0.0049
	0.0008
	0.0013
	3.77



	IV
	3.47
	1.66
	0.40
	0.093
	0.035
	0.0011
	0.003
	0.0017
	0.0001
	0.0023
	0.0001
	4.0
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Table 3. Size of the Wedge Samples ASTM A 367-11 (2017).






Table 3. Size of the Wedge Samples ASTM A 367-11 (2017).





	
Sample

	
Parameters of Wedge Samples *




	
B

	
H

	
A

	
Length




	
in.

	
mm

	
in.

	
mm

	
deg

	
in.

	
mm






	
W 1

	
0.20

	
5.1

	
1.00

	
25.4

	
11.5

	
4

	
101.6




	
W 2

	
0.40

	
10.2

	
1.25

	
31.8

	
18

	
4

	
101.6




	
W 3

	
0.75

	
19.1

	
1.50

	
38.1

	
28

	
4

	
101.6




	
   W 31/2

	
1.00

	
25.4

	
1.75

	
44.4

	
32

	
5

	
127.0




	
W 4

	
1.25

	
31.8

	
2.00

	
50.8

	
34.5

	
6

	
152.4








* B—the maximum width, H—the height and A—the angle of the test wedge samples.
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Table 4. Chemical composition, wt. %.






Table 4. Chemical composition, wt. %.





	
Co *

	
Analyzed Area **

	
C

	
O

	
Fe

	
Al

	
Si

	
S

	
Ca

	
Ba

	
La

	
Mn

	
Zr




	
Area

	
Figure 9






	
A

	
C-C

	
1

	
-

	
-

	
49.6

	
-

	
0.12

	
24.7

	
-

	
-

	
-

	
23.9

	
-




	
B

	
C-C

	
2

	
9.5

	
9.2

	
79.3

	
0.59

	
0.97

	
0.11

	
-

	
-

	
-

	
0.31

	
-




	
C

	
C-C

	
3

	
13.7

	
-

	
52.6

	
-

	
0.04

	
13.6

	
0.09

	

	
0.17

	
18.5

	
1.29




	
C-B

	
4

	
38.1

	
-

	
54.5

	
-

	
0.43

	
2.72

	
0.04

	
0.05

	
0.04

	
3.19

	
0.92




	
C-G

	
5

	
53.5

	
-

	
44.7

	
-

	
0.05

	
0.18

	
-

	
-

	
-

	
-

	
-




	
D

	
C-C

	
6

	
-

	
6.1

	
32.6

	
-

	
0.46

	
21.6

	
0.2

	
0.11

	
0.15

	
37.7

	
1.07




	
C-G

	
7

	
7.7

	
12.2

	
48.7

	
-

	
1.95

	
10.9

	
0.26

	
0.10

	
0.10

	
17.3

	
0.89




	
E

	
C-C

	
8

	
-

	
-

	
10.6

	
-

	
-

	
30.6

	
0.19

	
0.24

	
3.4

	
53.1

	
1.98




	
C-B

	
9

	
-

	
-

	
27.0

	
-

	
-

	
24.4

	
-

	
-

	
0.47

	
48.2

	
-




	
F

	
C-C

	
10

	
-

	
-

	
37.5

	
-

	
0.06

	
23.1

	
0.14

	
0.09

	
0.26

	
37.5

	
1.31




	
C-G

	
11

	
27.3

	
-

	
47.0

	
-

	
0.04

	
7.1

	
-

	
-

	
0.2

	
18.4

	
-




	
G

	
C-G

	
12

	
68.5

	
6.1

	
4.9

	
-

	
0.03

	
7.1

	
-

	
-

	
-

	
13.4

	
-




	
C-G

	
13

	
65

	
11

	
21.6

	
-

	
0.4

	
0.74

	
-

	
-

	
0.07

	
1.27

	
-




	
H

	
C-C

	
14

	
-

	
14.5

	
14.3

	
9.75

	
1.67

	
19.4

	
0.29

	
0.11

	
0.42

	
38.1

	
1.43




	
C-C

	
15

	
-

	
15.7

	
13.2

	
9.18

	
2.84

	
19.6

	
0.33

	
0.14

	
0.48

	
36.6

	
1.89




	
C-B

	
16

	
-

	
-

	
26.2

	
0.38

	
0.07

	
27.4

	
0.21

	
-

	
0.27

	
45.5

	
-




	
C-G

	
17

	
8.0

	
8.1

	
54.4

	
0.74

	
1.24

	
10.8

	
0.18

	
-

	
0.12

	
15.6

	
-








* Co—Compounds (Figure 6); ** Analyzed Area: C-C—Compound Centre; C-B—Compound Body; C-G—Compound—Graphite Interface; Mx—Metal Matrix; (G)—Compound embedded in graphite.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 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/).






media/file8.jpg
TEm

AT

s 3
Ee

@

GRF2

GRF1

~

© w v o o«
(800 ‘04X) WAL (00) 1LY

°

2
2

8 8 8 §
2449 ‘1449

®)





media/file13.png
Selected Ares |

Eﬁ,'ﬁ’,i Area ll

Selected Area |
Selected Area ."|
e

| Sedected Area ll
—

13«-1&!&! Aral) 8

Pk

m“- . Selected Area 2]

AN '1

’ ‘.‘ 4]
R T
R S

O, A
SRRV






media/file12.jpg





media/file18.jpg





media/file14.jpg
wm iz w1 v w0 1S

(b)

@





media/file10.png
X . \
3 X ¥ W

(a)

ATr
GRF1

o

\
.

(b)

M~ o n = o) N - o = O m O = = ==
= e 3 o -

(S/00 ‘OLX) INAL (Do) 4LV 2449 ‘1449






media/file5.png
Graphite

(Mn,X)S

. Core

Distance, um

(c)

Mn, S, wt.%
S

R T ’.

a
o

Distance, um

(b)

D
[y}

D
o

()

LW O
o

o

Ca, La, wt.%
o

AA'\J
o O

o O

2

4

6 8 10 12
Distance, pm

(d)





media/file15.png
PRI,
A

Compound -
Graphite
Interface———

----------------------------------------------------
-----------------------------------------
------------------------------------------------------
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-------------------------

Compound

~A

5
1
0.5
0

%W “4Z ‘e ‘eg el ‘IS

oney s/un

. iil
%

%I ‘U ‘S

(b)

(a)





media/file19.png
- =]
llllllllll =
e =~
ﬁ.-j- e
- T w0
X -
._u_...._..
O-S-Uup o - =t
| ¥ —
..__-...I_-_l.._l
1111111111 o
-~ -— M
# =~ i
F b
*y =T
by =]

S - U ..n__l ‘a

‘M
b .____.__..__W._.

o -

oo e
._._r:.._.-l_ =
O-S-uw { O

w

Analyzed Area

,‘ O-|¥-15-24

~
bl L T ——-

. ‘
% "W\ eg
w w uw
« N N - - S
o o o o o o
L . . . . . (o]
- - - - \l“h".—-"'l - - - -
’ -~
& <t o-s-eq
""" 6
-
-g-eg ¢ dher -
0-s-va Gt *
o
. 3]
i —— g - m
¢ 2 sk TR I
OC
@
N
=
]
c
<
- - - - - - - - 0
w o w o w o w L=
Lar ] Ly o™~ o™~ - - w
. ‘ ‘
% WO 'S S—
- “
% W\ 8D
w wn ('] wn
8 o & o = = 3
o o o o o o o o
L M . . . . . s 0O
-
. S
s-e3 | o
\\\\\\\\\ lllll S
-~ 4’
( $-0-e) =3
ll’l \\\
'''''' .'2
-
)]
llllllll [+ 1]
- | ™
Lo <
lllllllllll o
@
2
(o g A 05720 -
Se—ed c
I- <
-~ 0

18

-

16

14

-
=
i
Il [T T E—_—

12

s
._I-llt..-l.
-

10

-
-
i
e . e i

8
Analyzed Area

e ————

e

39 =
30 -
25 -

Analyzed Area






media/file2.jpg
b

A
1
1

J

Aroar EA

@

00 | aTm  ClearChill TotalChil DYP  Capiges | Eutectic
T ] o OB R colCoum
i

0 Tl T T
BUn-inoculated
60 Z i llimw‘lmdi
a0 i t
2 |
|
0 |






nav.xhtml


  minerals-10-01146


  
    		
      minerals-10-01146
    


  




  





media/file11.png
8

R 8 B8 8 B8

% "01Y ‘YD [e10] aAle|ay

o
o

0.0

Cooling Modulus, CM, mm

(c)





media/file6.jpg
80
140
100

Relative Performance / %

WL BLZ @Lh mLLZ gL ghnanlt

TAL TSEF TEU TER
Temperature

TES






media/file1.png
Preconditioner

Al Zr
|

AlZr,da-F¢Si [10,11]
Al... =10.004-0.015%

Base Iron Inoculant
XnO -~ —si
:i - ——Al
A . iza
M r
S/ ' , - \Ba
(% Mn) x (%S) §Ce
= 0.03-0.06 [9 La

I d All é(Ca\...) I Fe-Si-Al-Ca-X
I Inoculant Enhancer I

S,O,Ca,Al—FeSi
[13]

Graphite






media/file7.png
—

—| @l2 @laZr mlaBa gglaBaZr mlaZrTi [laBaZrTi |

| |

| |

| |

| |

| |

| |

| |

i I I I

i 1 | |

T 1 I !
=3 = [ | |
= o | (| i)

— l |

_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
]
|
o
=T
-—

100 +-

_

_

_

_

_

_

_

_

i

|
o
=
-

o, / @oUewlIolad mi_..__m_m.w_

-180

TEU TER TES
Temperature

TSEF

TAL






media/file16.jpg
LnucLeus

¥ " Com
Lo | useun | Compound

Mo

B e
B R
= &)
w
L tweies

iz i
8 v
2 {

3 n

@





media/file3.png
deg.C/s

- 3.000E<0—

2.500E+0-
2.000E+0-
1.500E+0~-
1.000E+0-

5.000E-1-
0.000E+0-
-5.000E-1

-{-1.000E-0-| |

-1.500E+0 -]
5 500E-0
-2 S00E+0-]
-3.000E+0 -]
-3.500E+0 -]

"|-4.000E-0-

~4.500E+0-|
-5.000E=0-|

ATs

TES

First D El‘i\l"ﬂ‘tj\l"ib

N LT T,

L gl I I [ ) N D W 2
L1 & e
. S I O Y R ¥ g

Tmst

FDES

-5.500E+0-1

i’lﬁﬂ&

ATm
[°C]

Clear Chill Total Chill
[mm x10] | [mm x 10]

DLHMINIDIDIDN

2400.0 2425,
. s
Time, s

(a)

D-type
Graphite
[%]

Eutectic
Cell Count
[1/cm]

Carbides
[%]

IALLII/DBL IR






media/file9.jpg
Relative Total Chill, RTC, %

& 8 8 8 3 8

8

o
°

1.0 2.0 3.0
Cooling Modulus, CM, mm

(o)





media/file17.png
50

40

<0

Mn, S, wt.%

20

10

o © ©o o
w B U @

Ca, Ba, La, wt.%
ha

e N |
s =

- =k
% =

0, Al, Si, Zr, wt.%
2

=T S B < L= I ==

P . NUCLEUS . IIl. COMPOUND
| Compound” | Graphite
Nucleus I interface Compound | interface
| |
| S |
: A :
I - A I Mn S
B | A A I
L I A A I
l.__. I ;'4.__. _;'4.__. — |
. L B | = .
L. A, A —
L ' A A5 !
» - IS
l___ I :1___ .:1._. E i m
» N A IEE =
I : L | m—
1 2 3 4
Analyzed Area
(a)
> . NUCLEUS | _ IIl. COMPOUND
Nucl | Compound | i Graphite =
Heleus | interface Compound I interface
| |
| |
| I O Ca
| |
| | B Ba
| |
| | O La
| |
| |
| |
| |
Al m
| |
1 2 3 4
Analyzed Area
(b)

_, . NUCLEUS >|< IIl. COMPOUND -
- Compound | . Graphite
Nucleus ' i iorface | Compound : tarface
|
|

oo |
|
BAL
. |
os
BZr
|
|
|
[y T | mm
L 2 . Analyzed A‘F’ea

(c)






media/file4.jpg
Disce.um
@ ®)






media/file0.jpg
Graphite Inoculant Enhancer

$,0,Ca,Al-FeSi
3]






