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UNDERCOOLING-CHILL SIZE-STRUCTURE RELATIONSHIP IN THE Ca/Sr INOCULATED GREY IRONS UNDER SULPHUR/OXYGEN INFLUENCE
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Abstract

Main objective of the present paper has been to investigate into conditions for heterogeneous graphite nucleation. Effects of two types of micro-inclusions (sulphides and oxides/silicates) as nucleation sites for graphite has been evaluated.


Correlations between cooling curve parameters, chill formation tendency and microstructure features of grey irons were established. These were obtained at lower and higher sulphur and oxygen levels (0.005-0.09%S and 0.0025-0.010%O). Hypoeutectic irons (3.5-3.9%CE) were conventional inoculated using 0.2wt% inoculant and over-inoculated using 2.0 wt% inoculant, by the use of High Purity (HP) - FeSi, Ca-FeSi and Sr-FeSi as the treatment alloys. A large range of residual active element contents were obtained (1-29 ppm Ca, 0.1-28 ppm Sr).

HP-FeSi inoculation leads to the highest chill tendency, degree of undercooling and carbide sensitivity. Undercooled graphite morphologies are formed, also in the over-inoculated condition, when a larger content of silicon was added (1.4-1.8%Si). The lowest contribution of active elements (Ca, Sr) was not covered by the highest silicon contribution of this treatment. Ca-FeSi and Sr-FeSi inoculants generally give intermediate actions in terms of chill suppression, carbide limitation and graphite morphology. The main differences between Ca-FeSi and Sr-FeSi inoculants refer especially to eutectic solidification parameters. In this respect, Sr-FeSi inoculation gives lower degree of undercooling and recalescence than Ca-FeSi inoculation for all ranges of S, O, Ca and Sr analysed. Conventional inoculated grey irons at Mn/S ( 5 show higher chill tendency and carbide contents, although the structure contains mainly of  type A graphite, also under Ca or Sr-FeSi inoculation.


By SEM investigations, four distribution patterns of micro-inclusions were identified. These are isolated inclusions in the matrix, inclusions with superficial contact, partially encapsulated inclusions and totally encapsulated inclusions into graphite flakes. Polygonal shaped or rounded (Mn,X)S particles nucleated on Al2O3 sites and with possible superficial layers of silicates, were detected as nucleation sites for graphite. The Mn/S ratio of these compounds is higher in the HP-FeSi inoculated irons and lower under Ca or Sr action. The lowest Mn/S ratio seems to occur on (Mn,X)S vs. graphite interfaces and the highest inside the body of (Mn,X)S particles which are not associated with graphite growth. Graphite flakes were attached to one or more faces of these (Mn,X)S particles, which also contain large concentrations of iron and oxygen as well as active elements, such as Ca and Sr. The nucleation active elements Ca and Sr are also found to be distributed differently in the (Mn,X)S nucleation sites, which could sustain the different role of Ca or Sr recognized in grey iron inoculation.


Finally, Ca-FeSi is found to be most effective in grey irons of lower sulphur and oxygen contents, while Sr-FeSi is most effective in reducing chill and giving good type A graphite at higher contents of sulphur.

LE RESUME


On a evalue les conditions principales pour realiser la germination heterogene du graphite et on a identifie les arguments pour et contre ainsi que deux types de micro-inclusions sulfures oxydes/silicates soient des germes de graphitisation.


On a etablit aussi une serie de correlations entre les parametres principaux des courbes de refroidissement, tendance de blanchissement et caracteristiques structurales des fontes grises obtenues aux niveaux bas et hauts de soufre et d’oxygene (0,005-0,09%S / 0,0025-0,010%O). Ces fontes hypoeutectiques (3,5-3,9%CE) ont ete inoculees (modifiees) normalement (1,2%Si, 0,2% modificateur) ou surinoculees (0,4%Si, 2,0% modificateur) pour l’utilisation de FeSi-de haute purete (HP-FeSi), Ca-FeSi et Sr-FeSi comme modificateurs, dans un large domaine de teneurs en elements residuels actifs (1-29 ppm Ca, 0,1-28 ppm Sr).


La modification avec HP-FeSi conduit aux valeurs plus hautes des tendance de blanchissement, degre de sous-refroidissement et sensibilite a la formation de carbures, avec formant des morphologies de graphite de sous-refroidissement.

Ces phenomenes sont rencontres aussi pour les conditions de sur-modification, lorsque l’on a ajoute une quantite importante de silicium (1,4-1,8%Si). Dans le cas de ce traitement la moindre contribution en elements actifs (Ca, Sr) n’a pas ete compensee que par une additon importante de silicium.


Les modifications avec Ca-FeSi et Sr-FeSi ont  en general des effects voisins du point de vue de la tendance de blanchissement de la limitation de formation des carbures et de la morphologie du graphite. Les differences principales entre les modificateurs Ca-FeSi et Sr-FeSi sont liee surtout aux parametres de solidification eutectique. Dans ce sens, la modification avec Sr-FeSi determine de moindres degres de sous-refroidissement et de recalescence que le traitement avec Ca-FeSi pour tous les domaines analyses concernant les teneurs en soufre oxygene, calcium et strontium. Les fontes grises modifiees normalement, a Mn/S <5 ont une sensibilite elevee au blanchissement et une haute teneur en carbures soit que la stucture contient surtout, le graphite de type A, y compris a la modification avec du Ca ou Sr-FeSi.


Par analyse SEM, on a identifie quatre manieres de distribution des inclusions (1-8 (m), a savoir: les inclusions isolees dans la matrice metallique, les inclusions en contact superficiel avec les particules de graphite ou les inclusions englobees-totalement ou partiellement-dans les particles de graphite.


Les particules de (Mn,X)S de contour polygonal surtout hexagonal ou arrondi germinees sur un support de Al2O3 et avec une possible couche superficielle de silicates, ont ete trouvees comme germes de graphitisation.


Le rapport Mn/S en ces particules est plus haut dans le cas du traitement des fontes avec HP-FeSi et plus bas sous l’action de Ca ou Sr. La moindre valeur du rapport Mn/S a ete enregistree a l’interface particle (Mn,X)S / graphite et la plus grande valeur , dans la masse des particules (Mn,X)S qui ne sont pas associees aux separations du graphites.


Les particules de graphite se developpent sur une ou plusieures faces des composes (Mn,X)S. Les composes contiennent des quantities importantes de fer, oxygene (germe et couche superficielle ainsi que des elements actifs comme Sr et Ca, differement distribues sur la section de l’inclusion : Ca est distribue quasihomogenement dans la masse entiere du compose tandis que le Sr est concentre en beaucoup de germes, ce qui pourraint soutenir le role du Ca et Sr dans ce procesus.


Ainsi, Ca-FeSi est plus efficient dans les fontes grises plus pauvres en soufre et oxygen tandis que Sr-FeSi est plus efficient dans les compositions plus riches en soufre, en ce qui concerne la tendance de blanchissement et la morphologies du graphite.

Zusammenfassung

Die wichtingste Bedingungen in denen die heterogene Keimbildung des Graphites moglich ist, wurden beurteilt; es wurden die “JA” und “NEIN” Begrundungen  erkannt, um zwei Mikroeinschlusse (sulfiden und Oxyd/Silikaten) die Keimen fur die Graphitbildung zu grunden.
Es wurden einige Verbindungen zwischen den wichtigsten Parametern der Abkuhlungskurven, Schreckneigung und Gefugeeigenschaften der Gu(eisen mit Lammelengraphit, zu geringe und hohe Stufe von Schwefel und Sauerstoff (0,005-0,09%S und 0,0025-0,010% O2) erwischt. 

Diese untereutektische Gu(eisen (3,5-3,9% CE) wurden normal geimpft (1,2% Si, 0,2% Impfmittel) oder ubergeimpft (0,4% Si, 2,0% Impfmittel), durch die Verwendung von hochreine FeSi (HP-FeSi). Ca-FeSi und Sr-FeSi als Impflegierungen, zu ein breites Bereich der aktiven Restgehaltelemente (1-29 ppm Ca; 0,1-28 ppm Sr).Die Impfung mit HP-FeSi fuhrt zu den gro(ten Schreckneigung, Unterkuhlungsgrad und Empfindlichkeit bei die Carbidbildung, mit der Bildung von Unterkuhlungsgraphit Morphologie, einschlie(lich in die Bedingungen von Gu(eisen Uberimfung, als eine gro(e Anteil von Silicium (1,4-1,8% Si) addiert wurden . Der geringste Beitrag in aktiver Elemente (Ca und Sr) wurde also durch eine sehr gro(e Zugabe von Si nicht ausgeglichen, in der Falle dieser Behandlung.


Die Impfungen mit Ca-FeSi und Sr-FeSi haben im allgemeinen fast gleiche Einflusse von der Standpunkt der Schreckneigung , Begrenzung der Carbidbildung und Graphitmorphologie. Die wichtigsten Unterschiede zwischen den Ca-FeSi und Sr-FeSi Impfmittel entstehen insbesonder in die Eigenschaften der eutektische Erstarrung. Die Impfung mit Sr-FeSi bestimmt kleinere Unterkuhlungsstufen und Rekaleszenz als die Behandlung mit Ca-FeSi, fur alle analysierte Bereiche der Schwefel, Sauerstoff, Calcium und Silicium Enthalte. Die normal geimpfte Grauguss, mit ein Mn/S < 5, hat eine hohe Empfindlichkeit zu Schreckneigung und ein hohes Enthalt von Carbiden, obwohl die Gefuge vorherrschend Typ A Graphit, einschlie(lich zu die  Impfung mit Ca-oder Sr-FeSi, enthalt.


Durch SEM Analyse wurden vier Moglichkeiten fur die Verteilung der Eisschlusse (1-8 (m) identifiziert, wie, zum Beispiel, die in die Gefugegrundmasse getrennt, oder in oberflachliches Kontakt mit der Graphitteilchen, oder teilweise oder vollkommen in den Graphitteilchen eingekreist.Als Graphitkeimbildner wurden Teilchen von (Mn,X)S gefunden; diese Teilchen konnen polygonale (insbesonder hexagonale) oder abgerundete Form haben. Die Keimbildung kann auf eine Al2O3 Teilchen mit ein moglich oberflachlichnes Schicht aus silikat stattfinden. 

Die Mn/S Beziehung von diesem Teilchen ist gro(er in der Falle der Behandlung mit HP-FeSi und kleiner unter der EinfluBvon Ca und Sr. Der geringsten Wert fur die Mn/S Beziehung wurde an der Grenzflache zwischen dem (Mn,X)S Teilchen und Graphit gefunden; der gro(te Wert wurde in dem (Mn,X)S Teilchenraum  der nicht mit den Graphitteilchen in Kontakt sind, gefunden. Die Graphitteilchen haben auf eine oder mehrere Flachen des (Mn,X)S Teilchen gewachsen. 

Diese Teilchen enthalten groBe Mengen von Eisen, Sauerstoff (Keim und oberflachliches Schicht) und auch aktive Elemente wie Ca und Sr, die unterschiedlich in der EinschluB verteilt sind: Ca ist fast homogen in den Teilchenraum verteilt, wahrend Sr in mehrere Keimen gesammelt ist; dieses Verhalten kann die Rolle von Ca und Sr in diesen Proze( unterstutzen. Von der Standpunkt der Schreckneigung und Graphitmorphologie ist Ca-FeSi mehr wirksam in die Graugusse mit geringer Enthalt von Schwefel und Sauerstoff, wahrend Sr-FeSi wirksamer zu hohere Schwefel Enthalte ist.

1. introduction


Significant benefits could be achieved when the molten iron was properly treated with an effective inoculating agent thus allowing improved control over cast iron metallurgy.


Grey cast iron eutectic solidification develops representative morphologies of the temperature at which liquid was nucleated. Type A graphite formed at the highest temperatures, type B graphite with a greater undercooling, type D graphite with even great undercooling and the austenite - carbide eutectic with even greater undercooling. Inoculation is a technique of providing nucleants that will initiate eutectic solidification at the highest possible temperatures, thereby promoting type A graphite and minimizing carbide formation  [1].


There are numerous substrates proposed as possible nucleants for graphite formation, such as graphite itself, sulphides, oxides, silicates, nitrides, carbides and austenite, but sulphides and oxides/silicates could be more attractive. So, sulphur and oxygen could play a significant role in the nucleation and growth of graphite phase many sulphides reside at the centres of graphite particles, usually associated with oxides and silicates.


The priority of sulphides or oxides/silicates theories must be connected to production practice of grey iron castings. In this respect, the lower and higher oxygen and sulphur levels (at different combinations) in the iron melt may have an important influence on the graphite nucleation capacity and undercooling - chill size - structure relationship, respectively.


In order to put in evidence this influence, Ca/Sr inoculated grey irons were used and several connections between cooling curves main parameters, chill sensitivity and structure features were identified. They were used grey irons located in the hypoeutectic range (3.5-3.9% Equivalent Carbon) and inoculated by High Purity (HP)-FeSi, Ca-FeSi and Sr-FeSi, in the commercial (conventional) conditions and over-inoculated ones (lower initial Si content, high inoculant amount addition). Lower and higher cooling rates were also considered.

2. GENERAL CONDITIONS TO GRAPHITE NUCLEATION


Several conditions for heterogeneous graphite nucleation on the existing/creating particles in the iron melt were evaluated, as following:

a) particles must be solid; b) good crystallographic compatibility; c) lowest lattice disregistry                    ( ( 3%); d) interfacial energy (substrate/graphite) barrier overcoming; e) fine dispersion in the melt (1...3 (m); f) lower capacity to coagulate in the iron melt; g) higher stability at higher temperature; h) sufficient content of molten iron element (s) and inoculant active element (s), respectively; i) easy of access inoculation elements [1 - 4].


Various compounds were evaluated and two types of them were restrained to analyze, sulphides and oxides/silicates, respectively (Table 1).


There are many reasons in favour of these theories as well as against them. All of them must be evaluated according to iron melt practice, such as charge materials and furnace type, complete chemical composition (base elements and minor elements), thermal conditions, inoculants (type and technique), pouring and solidification conditions, etc. [1-19].

( Sulphides theory

      * Favourable reasons


- Most of sulphides have lattice parameters similar to graphite;

- Most of inoculation elements are, first of all, desulphurizing agents;


- Sulphides are more favourable than of carbides and nitrides concerning as interfacial energy;


- Free sulphur inhibits the nucleation of graphite;


- Sulphides were identified into the graphite particles as MnS, (Mn,X)S, XS, (Mn,X,O)S;


- In lower sulphur iron, the best inoculants contain strong desulphurizer elements, such as RE,

              Ca, Mg;


- Sulphur content is usually above 0.03%, so it is possible to sulphides formation, without

              difficulties.

      * Controversy reasons


- Sulphides have not hexagonal structure (such as graphite);


- How are complex sulphides formed in the presence of Ca, Ba, RE, Sr, etc. ?


- What is the real difference between coagulation capacity of MnS and (Mn, X)S ? 

              May be explained this way the favourable influence of RE, Ca etc. ?

- The strong inoculating elements are also strong deoxidizing elements, (RE, Ca,Mg).

( Oxides / Silicates theory

      * Favourable reasons


- Most of silicates have hexagonal crystal system;


- The disregistry between the (111) surface of SiO2 cristobalite and the (0001) surface of

              graphite is only 3.26%. Most of active elements silicates have lattice disregistry in the

              range of 1.5-7.5%;


- Oxides and compound silicates are above of sulphides and 
intimate to graphite concerning 

              as the interfacial energy;


- Less than 40% of the total oxygen in the iron melt is as soluble oxygen, mainly has been as

              compounds (oxides);

- The number of eutectic cells decreases and the chill increases with elevation of the melt  

   temperature, according to the increasing by 80% of the soluble oxygen and the decreasing  

   of total oxygen by 3-4 times , which means that the decreasing of 
oxides particles count is

   unfavourable to graphite nucleation;

- The oxygen in the atmosphere assists the inoculating effect (SiO2 formation), so inoculation 

   in an Ar atmosphere is less effective;

- SiO2 is not an effective substrate for graphite nucleation, but it can be transformed under 

  catalytic influence of added elements into favourable nucleation site (such as Ca, Al, Ti).

      * Controversy reasons


- Lower content of oxygen in the iron melt (usually less than 25 ppm);


- Uncontrolled oxygen content in the iron melt.

- Not always iron melt has a good response for inoculation process, in the presence of high

   content of oxygen;


- Sulphur and Oxygen together have a complex action.

( Very attractive point of view is to consider both possibilities, depending on:


- Levels of sulphur and oxygen, as base active elements, in the iron melt, for this process;

- Levels of manganese and silicon, which assist the formation of primary compounds 

  (MnS, SiO2);


- Charging, melting, holding, handling, inoculating and pouring practice.

3. GREY IRONS CONVENTIONAL INOCULATED

3.1. Experimental procedure


The base iron was produced from pig iron and pure iron-Armco (90:10) in an acid lining, medium frequency furnace (100 kg, 2400 Hz). Melts composition has been corrected by FeSi75 and FeMn80 addition.


The base iron pigs were then remelted in the graphite crucible furnace (10 kg, 8000 Hz) in order to sulphur and oxygen correction. Sulphur increasing up to 0.08%S was made by 0.15%FeS2 addition, while 0.0085% Fe2O3 was used to increase oxygen level in the melt by furnace addition (1480-1520oC).


High-Purity (HP) - FeSi, Ca-FeSi and Sr-FeSi were used to iron melt treatment (0.2 wt %, 1430-1450oC) at typically chemical composition for these alloys (Table 2).


Two ranges of iron melts were experimented, concerning as sulphur and oxygen levels, higher field (0.07-0.09%S, 0.01%O) and lower field (0.005-0.01%S, 0.005-0.0075%O), respectively (Table 3). Chemical analysis reports on basic and auxiliary elements (POLYVAC-spectral analysis), oxygen, sulphur and nitrogen levels (LECO analysis) and residual content of inoculation elements (Ca, Sr) - spectral analysis using in plasma - emission.


Minor elements content is in the normal range as follows: 0.034-0.036%Cr, 0.0075-0.0085%Mo, 0.039-0.044%Ni, 0.0013-0.0086%Al, 0.0005-0.0012%B, 0.0004-0.0008%Co, 0.03-0.05%Cu, 0.018-0.021%Sn, 0.019-0.028%Ti, 0.005-0.006%N. So, the levels of auxiliary elements are situated under the critical values that could influence the thermodynamic condition of iron melt solidification.


Mainly depending of sulphur level, the Mn/S ratio of the iron melts with the same content of manganese (0.23-0.28%Mn) is located in a lower range (2.5-4.0) for high sulphur content and higher range (30-80) for lower sulphur, respectively. Mn/O, Mn/(O+S) and Si/O ratios also present two specific ranges, for higher (H) and lower (L) levels of sulphur and oxygen (see Table 3).

By spectral analysis in plasma optical emission, residual contents of mainly inoculation elements were detected, such as 11-12 ppm Ca and 2.0-2.5 ppm Sr, respectively.


The experimental cast irons have hypoeutectic composition (CE=3.50-3.85%, Sc=0.8-0.89), that is, with a high chill sensitiveness.


Two types of chill tests were recorded, wedge -shaped sample and forced chill wedge sample (metal chill plate) respectively. A specific montage for cooling curves recording and structure analysis (30 mm dia x 100 mm highness) in the dry sand mould was also used.


3.2. Results

They were identified several connections between cooling curves parameters ((Tm, (Tr), chill sensitivity ((,(+z) and structure parameters (graphite morphology, graphite ratio, metal matrix, free carbides):  (Tm is the  maximum degree of undercooling; (Tr - recalescence; ( - Clear chill size (wedge and chill wedge samples);  (+z- Total chill size (Idem); Graphite Morphology - (A, B, C, D, E - type flake graphite, %); Graphite Ratio (%); Carbides = Ledeburite + Cementite, (%); Metal Matrix = Ferrite + Pearlite, (%).


Table 4 presents the graphite and matrix structure analysis results while

Figures 1 and 2 show the influence of maximum degree of undercooling ((Tm) on the chill sensitivity, in the conditions of higher and lower cooling rates and different inoculants used.

4. OVERINOCULATED GREY irons

4.1 Experimental procedure


Pig iron (25%), steel scrap (50%), iron flakes (10%), carbon electrode, FeMn80, FeP 26 and FeS2 were used as charge materials for induction crucible furnace (10 kg, 8000 Hz, Graphite crucible).

Thermal conditions which were used are as follows:
Superheating temperature, Ts=1460 -

 1480oC; Superheating time, ts=10 min; Inoculation temperature, Tin=1430-1450oC; Pouring

 temperature, TP=1400-1420oC; Shaking out temperature, under 600oC.


In all situations it was used the same base iron composition (3.51%C, 0.43%Si, 0.51%Mn, 0.139%P, 0.084%S, CE=3.71%), and ladle inoculation technique (2 wt% inoculant addition). After inoculation two minutes maintain for complete assimilation and melt homogenizing was applied.


Inoculated grey irons (HP-FeSi, Ca-FeSi and Sr-FeSi) were poured in the dry sand mould containing cylindrical samples (15 and 30 mm dia) and Test Wedge (W 3 1/2 type) and Chill Test specimen (4C-type)-ASTM A367.


For cooling curves recorder (15 and 30 mm dia samples) a Ni-DAQ system with Ni 4350 acquisition instrument was used. Rapid quenched coin specimens (white iron) and cylindrical samples (5 mm dia) in the metal mould provided for spectral and Leco analysis, respectively.


The experimental cast irons are placed in a relative slight hypoeutectic range having a close position each other (CE=3.83-3.96%, Sc=0.881-0.915), as usually characteristics of most grey irons (Table 5).


There were obtained very closed Mn contents (Mn=0.50-0.53%) and also a satisfactory closed sulphur range (S=0.071-0.083%), while the Mn/S ratio is located in the 6.10-7.18 range. The oxygen content of the obtained over-inoculated cast irons is much lower given the initial one (0.0025-0.0035%O), due to the deoxidizing effect of inoculants. A very closed nitrogen content was also obtained in all irons (N=32-42 ppm), which is a guaranty of a constant influence of this element. Minor elements are situated below the critical values that could affect the solidification feature of cast irons. By over-inoculation, it was realized a significant level of residual contents of main active (inoculation) elements (Ca, Sr), such as 20...29 ppm Ca in the Ca-FeSi treated irons and 19-28 ppm Sr, in the Sr-FeSi treated irons, respectively. As it seen, the same level of Ca and Sr in inoculated irons was obtained (Table 5).


Two heats of each treatment were used. The constancy on the chemical composition realized may be a good opportunity for comparatively study on the influence of these main active elements, Ca and Sr, respectively.


4.2. Results


The chill tendency of inoculated irons is registered in Table 6, for both types of chill samples. 

The cooling curves parameters (Fig. 3) of inoculated irons are presented in Table 7, while the typical cooling curves recorded for the three additions (HP-FeSi, Ca-FeSi, Sr-FeSi) are pointed out in Fig. 4, concerning as the range of solidification stage of cast irons. The effects of over-inoculation on the cooling curve parameters are also presented in Fig. 5 and 6.


Some relationship between chill depth and undercooling/recalescence degrees could be obtained, such as the high undercooling, the high chill tendency (Fig.7). The positions of over-inoculated cast irons are corresponding to a low undercooling and chill depth features.


The chill tendency-recalescence dependence shows a special situation because of different behaviour of cast irons with mottled/white structure which have not recalescence (or at lower value) (Fig.8).


Graphite analysis was both by standard method and by automatic image analyzer made and graphite distribution, length and area (amount) were recorded, in the 15/30 mm dia samples and forced chill test samples.


Graphite distribution character changed from D (E, A) - type, specific to HP-FeSi treatment to A (E) morphologies in the cast irons inoculated with Ca-FeSi and Sr-FeSi. Up to 30% E type graphite was yet recorded, especially at lower thickness (15 mm).

Eutectic cell number of conventional inoculated and over-inoculated irons, at higher and lower levels of sulphur and oxygen is presented in Figure 9.


A special research program was developed in order to put in evidence a possible mechanism of graphite nucleation in grey irons.
Over-inoculated (2.0 wt% inoculant) grey irons samples (HP-FeSi, Ca-FeSi, Sr-FeSi treatment) were used for special investigations (SEM, TEM, EPMA, Analyses). Philips SEM-515 equipped with wavelength dispersive X-ray Spectrometer (WDS, Microspec type) and energy dispersive X-ray Spectrometer (EDS, EDAX type) were used.


In this program, the possibility of MnS compounds to be site for graphite nucleation was analysed, in the conditions of Ca/Sr inoculated irons. In this respect the connection of inclusions to graphite particles, chemical composition in the specific zones of compounds (core, body, interface to graphite or to matrix), size and morphological feature of compounds, were recorded                 (Table 8, Fig. 10).


Four possibilities of inclusions distribution patterns in the structure were identified as follows: a) no visible connection of compounds to graphite particles; b) superficial contact between inclusion and graphite; c) inclusions partial encapsulated into graphite flakes; d) total encapsulated inclusions.

5. Final remarks and conclusions


Main conditions for heterogeneous graphite nucleation on the existing/ creating particles in the iron melt were evaluated and two types of compounds were restrained to analyze sulphides and oxides/silicates respectively. There are many reasons in favour of these micro-inclusions as nucleus site as well as against them:

* At the first estimation, silicates theory is more attractive, especially because good crystallographic compatibility with graphite, a very good position with regard to interfacial energy, a sufficient lattice disregistry acceptance, higher stability of compounds, usually sufficient silicon content for SiO2 formation. The main problems are: the lower oxygen content in the iron melt, the ability of inoculation elements to transform vitreous SiO2 previously formed to crystalline one, the possibility to coagulate of silicates.

* Sulphides theory also is strong sustained, especially by the capacity of the main inoculating elements (Ca, RE, Sr, Ba) to transform MnS to complex sulphides (Mn, X)S, which present a goal relationship of lattice match with graphite, a lower coagulation capacity, good stability, good position as interfacial energy, in the conditions of usually sufficient sulphur content in the iron melt, in order to sustain this process. Several problems remain for all that under the question: different crystal system, no so good interfacial energy position, questionable complex sulphides structures, difficulties to inoculate less than 250 ppm sulphur iron melt, controversy behaviour of iron melt under sulphur addition.


Concerning as the grey irons obtained in the conventional inoculation conditions, several relationships were established in the solidification field:


* It was found a good connection between eutectic undercooling degree and chilling sensitivity, according to inoculant type and sulphur/ oxygen levels of the irons.


* Base iron and HP-FeSi inoculated iron have highest chill tendency in relation to the highest obtained undercooling degree, for both higher and lower sulphur and oxygen levels and higher and lower cooling rates, respectively.


* Ca-FeSi and Sr-FeSi inoculated irons present lowest chill sensitivity in relation to their lower undercooling degree: the increasing of cooling rate favours the translation of chill size- undercooling degree curves to the higher values for both levels of sulphur and oxygen.


* The relationship between chill sensitivity and recalescence is not so strongly, while the influence of cooling rate is not so clear.


* For all that, it is evidently that base iron and HP-FeSi inoculated iron have a lower nucleation capacity, especially at higher cooling rate and lower levels of sulphur and oxygen, while Ca-FeSi and Sr-FeSi inoculated irons present a good nucleation capacity, lower recalescence and chill sensitivity, respectively.


The structure was also found to be strongly depended of undercooling degree, in relation to chill sensitivity, sulphur and oxygen level and specific to inoculants features:


* Fully undercooling graphite morphologies (E+D type), lowest graphite and highest free carbides amounts are typically for uninoculated irons for both levels of sulphur and oxygen.


* HP-FeSi inoculation has a little influence and only at higher level of sulphur and oxygen, and also only concerning as graphite amount (which increases) and carbides amount (which decreases), while graphite morphology is not changed (100% E+D graphite).


* Ca-FeSi and Sr-FeSi inoculations present intimate influence on the undercooling degree as well as on the structure features, so more than 70% A-type graphite, lowest carbides and highest graphite amounts are main characteristics of these treated irons.


* Higher sulphur and oxygen level, lower Mn/S (2.5-4.00), Mn/O (23-28) and Mn/(O+S) (2.3-3.3) respectively, favour not only higher chill sensitivity (wedge samples) but also higher carbides amount in the 30 mm dia samples, in the conditions of the presence of (E+D) type graphite in the HP-FeSi treated irons and most A-type graphite amount in the normally Ca-FeSi and Sr-FeSi inoculated irons.


Supplementary information on the solidification features were obtained by the use of very low initial silicon irons (0.4%Si), with normal manganese (0.5-0.55%Mn), sulphur (0.07-0.085%S) and initial oxygen (0.005-0.01%O), at Mn/S=6.0-7.0. These irons were over-inoculated with HP-FeSi, Ca-FeSi and Sr-FeSi (2wt% addition), in order to bring about a substantial amount of micro-inclusions as nucleation site for graphite, such as Ca and Sr bearing nucleus, according to higher residual content of active elements (20-30 ppm Ca or Sr in the Ca-FeSi and Sr/FeSi inoculation and ( 10 ppm Ca and ( 1.0 ppm Sr under the HP-FeSi addition):


* The higher chill tendency was also registered on HP-FeSi treated irons (although 1.4-1.8%Si was added during inoculation), while the lowest on Sr-FeSi inoculated ones (Ca-FeSi inoculant is placed on intermediary position).

* Ca-FeSi or Sr-FeSi over-inoculation of a strong hypoeutectic irons leads to decrease of melt undercooling degree much more the HP-FeSi addition. These irons are corresponding to lower undercooling and lower chill depth (some lower for Sr-FeSi addition).


* The cooling rate of the melt during solidification exerts much more influence on the recalescence given as on the undercooling degree. In this respect, the difference between Ca-FeSi and Sr-FeSi action is clearer.


* Generally speaking, the high undercooling, the high recalescence, with the exception of mottled and white irons, where the recalescence is absent or near zero. On the same order of undercooling magnitude, Sr-FeSi inoculated irons present a smaller recalescence given Ca-FeSi inoculated irons.


* Graphite morphology was changed from D (E, A) distribution specific to HP-FeSi addition to A (E) feature in the Ca-FeSi and Sr-FeSi inoculated irons, while compacted graphite morphologies (such as Coral, Vermicular or Nodular shape) were obtained at the higher cooling rate (on the metal chill contact area) and higher Ca or Sr residual content (( 20 ppm).

* The more evident differences in point of graphitizing process among the three additions appear on the higher cooling rate, where the graphitizing effect of Ca-FeSi and Sr-FeSi is stronger than relative pure silicon addition (HP-FeSi).


A comprehensive comparison on the HP-FeSi, Ca-FeSi and Sr-FeSi treatments, in the conditions of lower and higher Sulphur and Oxygen levels and lower and higher content of residual active elements (Ca, Sr) in the grey irons is recorded in Table 9 and Figures 11 and 12.

* HP-FeSi treatment leads to the highest chill tendency, undercooling degree and carbides sensitivity. Undercooled morphologies of graphite are formed, also in the over-inoculation condition when a larger content of silicon, was added (1.4-1.8%Si). The lowest contribution of active elements (Ca, Sr) was not covered by the highest silicon contribution of this treatment.


* Ca-FeSi and Sr-FeSi inoculants generally give intimate actions in terms of chill suppresion, carbides limitation and graphite morphology.


* The main differences between these inoculants refer especially to eutectic solidification parameters. In this respect, Sr-FeSi inoculation gives to lower degree of undercooling and recalescence than Ca-FeSi treatment for all range of S, O, Ca and Sr analysed.



* Ca-FeSi is more effective in the grey irons with lower content of sulphur and oxygen, while Sr-FeSi at the higher content of sulphur, in point of chill suppresion and graphite morphology.


* At the higher sulphur and lower manganese contents (Mn/S(5), conventional inoculated grey irons have higher chill sensitivity and higher carbides amount, although the structure has mainly A-type graphite also under Ca or Sr-FeSi inoculation.


* Eutectic cells number was increased by inoculation treatment. In this respect HP-FeSi inoculation has a reduced power, much more at higher level of sulphur and oxygen and especially in the condition of over-inoculation treatment. Ca-FeSi and Sr-FeSi give intimate influence, without a clear difference between them. It is yet noted that Sr-FeSi treatment produced grey irons with lower eutectic cells number given Ca-FeSi only in the over-inoculation conditions, while conventional inoculated irons present the same eutectic cells number, at the same cooling rate.


A special program was also developed in order to identify a possible mechanism of graphite nucleation in the grey irons, inoculated by Ca/Sr bearing FeSi. SEM investigations on the identified micro-inclusions in the metal matrix and graphite particles were recorded and several results could be underlined.

As it can see from the shown micrographs (Fig.10) the (Mn, X)S compounds have a polygonal shape (5G8; 2G10), in many cases hexagonal (5G4, 5G5, 2G13, 4G9, 4G13) or rounded shapes (2G12, 2G19, 2G20, 4G7).


Graphite flakes are attached to one or more faces of (MnX)S compounds having different ways of growth. They start for branching on the compounds (sites) faces (2G12; 2G19; 4G7), out of sites connection (5G8) or by mixed way (4G13).

Maximum of graphite branching was recorded on high purity ferrosilicon treated cast iron (HP-FeSi) where D type graphite was formed. This can be explained by strong interdendritic segregation of MnS compounds, because of their low nucleation activity (they are activated as graphite sites only after a great undercooling).


The (Mn, X)S compounds segregation is in a great manner reduced in the case of Ca-FeSi and Sr-FeSi inoculated cast irons where dominant A type graphite was formed. This is due to their high nucleation activity in the early solidification stage because of Ca or Sr influence.


No evident difference regarding morphological feature between (Mn, X)S compounds associated or not with graphite particles were identified. This is a reason to believe that a part of matrix embedded (Mn, X)S compounds could be also in connection with graphite particles.


SEM analysis gives good information about inoculation effect from chemical composition of (Mn, X)S compounds point of view. Unfortunately, this is only a relative composition because of matrix influence. So, from Table 8 it can be seen that all (Mn, X)S compounds, besides Mn and S as base elements, also contain Fe in a large proportion depending of position of analysed point and size of compound.


A different composition was also recorded between (Mn, X)S compound mass and his core (Fig. 13). The main characteristic of core composition is the always presence of Al and oxygen which suggests the presence of the Al2O3 compound or other complex inclusions (Ca-aluminate, Sr-aluminate, etc) as site for MnS nucleation. In any cases oxygen was also pointed out on the (Mn, X)S particle graphite/matrix interface. This could be a suggestion to a possible silicate layer formation on the     (Mn, X)S particles surface but only a real composition could help in determination of silicate formula.

Fine irregular particles containing FeS and MnS (as mMnS x nFeS solution) were also identified in the steel melt, in which MnS/FeS ratio is in connection with the Mn content in the steel. The melting temperature increases with MnS content increasing. Several other morphologies of these inclusions in the steel melt were also identified, depending upon the nature of the oxides or nitrides that acted as nucleates for MnS inclusions formation. After the tapping, the sulphide particles become irregular in shape and very disperse in the molten steel, because the reaction between Mn and FeS with temperature decreasing [20, 21].


In the steel metallurgy, small particles of Al2O3 were clearly identified to have provided nucleation site for the precipitation of MnS particles, although the planar disregistry between MnS (111) and Al2O3 (111) is not so small (28.8%) [22 - 24]. So, in the steel melt, the behaviour of MnS precipitation on oxides particles (1 wt. % Mn in the steel) was characterized according to sulphur content: a) at S ( 0.002%, the number of MnS particles precipitated on oxides was small in any kinds of oxides;  b) at 0.002  ( S ( 0.01%, the precipitation ratio of MnS was high in some kinds of oxides; c) for S ( 0.01 %S, the precipitation ratio was large in almost all oxides, which means that they worked as the precipitation sites of MnS. The strong deoxidizers (such as Al, Ti and Zr) bring about a powerful increasing of oxides and MnS density and precipitation ratio of MnS as much as the sulphur content is higher [ 22 ]. So, Al2O3 could be considered to have an important role to initiate the complex chain of graphite nucleation, MnS formation as first step, respectively.


Ca and Sr have a different distribution on the (Mn, X)S particle section. While X-ray composition maps show a cvasi-homogenity distribution of Ca on the particle section (including nucleus), Sr is present only in sulphide nucleus (but not in every particles), which suggests on the different action way of Ca and Sr on the graphite nucleation. Before to act on the sulphur, calcium exerts his strong deoxidizing effect. Proceeding from his chemical affinity to oxygen and sulphur could be assumed that calcium addition converts the existent inclusions (Al2O3, MnS, SiO2, and MnO) to calcium compounds containing sulphur. According to the molten metal cooling, the sulphur solubility into calcium aluminate decreases being CaS formed which was found as a ring around calcium aluminate particles in the steel melt [25-27]. This behaviour could explain the presence of the calcium into the whole inclusion, which also contains sulphur.


By its action on the (Mn, X)S compounds, calcium exerts an important effect on the morphology of these particles. So, in Ca-FeSi over-inoculated cast iron samples, the (Mn, X)S inclusions have a clear tendency to ovoid form given those from HP-FeSi treated one which have an irregular polygonal form or even Sr-FeSi over-inoculated iron samples where inclusions have a tendency to regular polygonal (hexagonal form). This effect is reflected by the increasing of roundness shape factor with Ca content increasing.

Concerning as the strontium action, it was found that this element was present only into the nucleus of the compounds, together with calcium, aluminium, oxygen, sulphur and manganese, at lowest iron content. It can be assumed that Sr will act as a strong deoxidizing and desulphurizing element, but in the competition conditions to calcium and aluminium (usually Sr-FeSi contains lower level of Ca and Al).

If the lattice parameters disregistry of MnS / Graphite is not so small (-12.1%), SrMnS is in a better position for graphite nucleation (-5.2  %) [7].


So, it could be sustained the efficiency of Sr especially in the high sulphur content irons at lower content of Ca and Al and the utility of Ca in all grey irons.


The inoculation has also an evident influence on the Mn/S ratio which is decreased given HP-FeSi treated irons, much more in the case of Sr-FeSi inoculation. The smallest value of Mn/S ratio seems to be on the interface (Mn, X)S inclusion -graphite particle and the highest into the (Mn, X)S particles body (Cm) which are not associated with graphite.

The MnS compounds nucleated on the oxide site (such as Al2O3) and the further replacing of the manganese into these compounds by Ca/Sr addition, which leads to improving of the crystallographic compatibility and lattice disregistry, could be considered possible graphite nucleation mechanism in grey irons.
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TAL - temperature of austenitic liquidus;

TSEF - temperature of start of eutectic freezing;

TEU - temperature of eutectic undercooling;

TER - temperature of graphitic recalescence;
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AT - range of equilibrium eutectic temperature (AT, = Tq - T );

s - duration of eulectic solidification:

Tws - duration of whole solidification.






Sulphides and Oxides / Silicates theories comparison    








Table 1.

No
General conditions to substrates for graphite nucleation
Sulfides theory
Oxides / Silicates theory

0
1
2
3

A
Solid particles
Melting temperatures (oC):

MgS-2000; CaS-2450; SrS-2000;

BaS-2227; MnS-1621; CeS-2097
Melting temperatures (oC): SiO2-1710; MgO-2832; CaO-2927; 

SrO-2665; BaO-2013; Al2O3-2050; CeO2-1930; TiO2-1842; MgOxSiO2-1577; CaOxSiO2-1125-1544; SrOxSiO2-1580; BaOxSiO2-1605; CaOxAl2O3x2SiO2-1550; BaOxAl2O3x2SiO2-1380

B
The match in crystal structure (Graphite = hexagonal)
Cubic crystals
( Oxides-cubic system (MgO, CaO, SrO, BaO etc.)

( Silicates - hexagonal crystals (good crystallographic compatibility).

C
Lowest lattice disregistry (usually less than 3%)

(Graphite: c=5.71oA;

a=2.46 oA)
Most of sulphides have lattice parameters similar to graphite (oA): MgS-5.191; CaS-5.696; SrS-6.020;

BaS-6.386.
Lattice disregistry(%): CaOxSiO2-7.5; SrOxSiO2-3.5; BaOxSiO2-1.5; CaOxAl2O3x2SiO2-3.7; SrOxAl2O3x2SiO2-6.2; BaOxAl2O3x2SiO2-7.1; (-Al2O3-3.4; MgOxSiO2-6...12;2MgOxSiO2-10...30

Lattice parameters (oA):




( Oxides: MgO-4.215; CaO-4.811; SrO-5.140; BaO-5.539

( Silicates: MgOxSiO2-18.2/8.86/5.204; CaOxSiO2-6.82/10.115

SrOxSiO2-7.127/10.115; BaOxSiO2-7.500/10.467

CaOxAl2O3x2SiO2-5.113/14.743; SrOx Al2O3x2SiO2-5.25/7.56

BaOx Al2O3x2SiO2-5.304/7.789; 2MgOxSiO2-4.76/10.20/5.99

D
Interfacial energy (substrate graphite)
Medium favourable position, in front of carbides and nitrides, but behind oxides and silicates. 
Very good position, in front of all particles, excepting graphite particles their self.

E
Fine dispersion in the melt (typically 1 to 3 (m)
Possible good position , especially under Ca, Al, Ti etc. action
Possible good position

F
Lower capacity to coagulate, in the molten iron.
Specific density (g/cm3): MnS-3.99; MgS-2.84; CaS-2.50;CeS-5.0

Complex sulphides, such as (Mn, Ca)S or (Mn, RE)S appear to coagulate less than MnS.
Specific density (g/cm3):

MnO-5.1; MgO-3.4; SiO2-2.7; TiO2-4.2; CeO2-6.5; BaO-5.0;

CaO-3.3; Al2O3-4.0

Possible no very good position



















Table 1. (cont.)
0
1
2
3

G
Higher stability
Free energy formation (1600K, KJ/mol): MgS: - 232; CaS: - 380; 

SrS: - 370; BaS: - 356;
Free  energy formation (1600K, KJ/mol):

MgO: - 401; CaO: - 466; SrO: - 428; BaO: - 395; MgOxSiO2: - 1060; CaOxSiO2: - 1184; SrOxSiO2: - 1186; BaOxSiO2: - 1180; 

2MgOx SiO2: - 1491; CaOxAl2O3x SiO2: - 3022

H
Content of molten iron element which react with inoculant active elements
100...1500 ppm Sulphur:

100...250 ppm S-low content

250...500 ppm S-medium content

500...1500 ppm S-high content
5...100 ppm Oxygen (total content)

I
Easy of access inoculation elements
RE, Ca, Mg-low S iron

Ca, Ba, Ti, Zr, Al-medium/higher S iron
Ca, RE, Zr, Al, Ba

Base chemical composition of inoculants










Table 2
No.
INOCULANT
Chemical composition, %



Si
Ca
Al
Sr
Fe

1
High-Purity FeSi (HP-FeSi)
79.9
0.038
0.060
0.0023
20.74

2
Ca-bearing FeSi (Ca-FeSi)
78.8
0.755
0.901
0.0209
19.95

3
Sr-bearing FeSi (Sr-FeSi)
79.1
0.092
0.407
0.92
19.35

Chemical composition of conventional inoculated grey irons 







Table 3

Heat 
Specific 
Inoculation 
Chemical composition ,%
Characteristic ratio

no.
feature*

[S/O]
type
C
Si
Mn
P
S
O
CE
Mn/S
Mn/O
Mn/ (S+O)
S/O
Si/O
[Si]x[O]2

(x10-4)

1
H
Base
3.18
1.18
0.28
0.14
0.076
0.01
3.62
3.75
28
3.3
7.6
118
1.18

2
H
HP-FeSi
3.19
1.20
0.25
0.14
0.069
0.01
3.63
3.59
25
3.2
6.9
120
1.20

3
H
Ca-FeSi
3.35
1.14
0.23
0.14
0.075
0.01
3.77
3.05
23
2.7
7.5
114
1.14

4
H
Sr-FeSi
3.36
1.16
0.23
0.14
0.090
0.01
3.80
2.57
23
2.3
9.0
116
1.16

5
L
Base
3.39
1.32
0.37
0.14
0.005
0.0075
3.84
76.04
49.3
29.6
0.67
176
0.741

6
L
HP-FeSi
3.15
1.22
0.29
0.14
0.007
0.0075
3.57
42.3
38.7
20
0.93
162.7
0.685

7
L
Ca-FeSi
3.14
1.28
0.28
0.13
0.006
0.0075
3.58
45.7
37.3
20.7
0.8
170.7
0.686

8
L
Sr-FeSi
3.04
1.31
0.25
0.14
0.009
0.0075
3.50
26.6
33.3
15.2
1.2
174.7
0.736

Graphite and matrix analysis of conventional inoculated irons (30 mm dia samples)



Table 4

Heat.
Specific feature* 
Inoculation 
Graphite morphology
Graphite 
Base matrix structure, %
Ledeburite + Cementite, 

no.
[S/O]
type
Type
Ratio, %
size, (m
Ferrite
Pearlite
%

1
H
Base
E+D
100
40-250
( 5
( 95
20

2
H
HP-FeSi
E+D
100
40-250
3
97
5-10

3
H
Ca-FeSi
A

E+D
70

30
40-250
( 3
( 97
( 5

4
H
Sr-FeSi
A

E+D
80

20
70-250
( 3
( 97
( 5

5
L
Base
E+D
100
40-125
( 5
( 95
10-15

6
L
HP-FeSi
E+D
100
40-125
( 3
( 97
10-15

7
L
Ca-FeSi
A

E+D
80

20
70-125
( 5
( 95
( 2

8
L
Sr-FeSi
A

E+D
70

30
70-175
0
100
( 2


* H-higher and L-lower levels of sulphur and oxygen.

Final chemical composition characteristics of overinoculated grey irons 




Table 5

Heat no.
Inoculation type
Chemical composition, %
Active elements, ppm
Characteristic ratios



C
Si
Mn
P
S
O
N
CE
Ca
Sr
Mn/S
Mn/O
Mn/ (S+O)

10
HP-FeSi
3.23
1.80
0.50
0.133
0.082
0.0035
0.0035
3.85
7
0.5
6.10
142.9
5.85

11
HP-FeSi
3.23
2.14
0.51
0.146
0.083
0.0025
0.0038
3.96
0.1
0.1
6.14
200
5.96

20
Ca-FeSi
3.21
1.79
0.52
0.138
0.076
0.0030
0.0032
3.83
22.5

27.0
0.3
6.84
173.3
6.6

21
Ca-FeSi
3.26
1.97
0.53
0.147
0.078
0.0025
0.0039
3.94
20.5

29
1.8
6.80
212
6.6

30
Sr-FeSi
3.18
1.97
0.51
0.136
0.071
0.0030
0.0037
3.85
8.5
25;

27; 28
7.18
170
6.9

31
Sr-FeSi
3.21
2.05
0.51
0.141
0.083
0.0036
0.0042
3.91
5.5
19; 

22; 19
6.14
141.7
5.9

Obs. Minor elements range: 0.09-0.10%Cr, 0.06%Ni, 0.14-0.21%Cu, 0.016-0.020%Mo, 0.005-0.007%Ti, 0.009-0.01%V, 0.009-0.011%W, 0.005%Co, 0.003-0.01%Al, 0.009-0.01%As, 0.006-0.007%Sn, ( 0.003%Sb, ( 0.001%Nb, ( 0.002%Pb, ( 0.0011%Bi, 0.002-0.0022%B.

Chill tendency of overinoculated irons (2.0 wt % inoculant addition) 






Table 6

Heat
Inoculation
Eutecticity
Test wedges    (W3 1/2-ASTM A367)
Chill Test Specimens (4C-ASTM A 367)

no.
type
Grade, Sc
Clear chill (mm)
Mottled

(mm)
Total chill 

(mm)
Clear chill 

(mm)
Mottled

(mm)
Total chill

(mm)

10
HP-FeSi
0.888
8
27
35
23
23
55

11
HP-FeSi
0.915
0
0
0
11
16
27

20
Ca-FeSi
0.881
0
0
0
6
6
12

21
Ca-FeSi
0.910
0
0
0
5
6
11

30
Sr-FeSi
0.886
0
0
0
2
2
4

31
Sr-FeSi
0.902
0
0
0
2
4
6

Cooling curves parameters of overinoculated grey irons (see Figure 3)





Table 7

Heat

no.
CE

%
Inoculant type
Sample diameter (mm)
Tst
oC
Tmst
oC
(Tm = Tst-Tmst (oC)
TAL

(oC)
TEU

(oC)
TER

(oC)
TEM

(oC/s)
(Tm =

 Tst-TEU 

(oC)
(Tr= 

TER –TEU

 (oC)
(ES

(s)
(wS

(s)

10
3.85
HP-FeSi
15
1156.2
1117.6
38.6
1163.7
1108.7
1108.7
-0.68
47.5
0
60.4
64.4




30



1185.3
1105.3
1105.9
0.04
50.9
0.6
187.1
213.1

11
3.96
HP-FeSi
15
1157.2
1112.0
45.2
1163.5
1116.3
1122.8
0.92
40.9
6.5
41.9
62.2




30



1158.5
1117.6
1129.0
0.035
39.6
11.4
172.4
194.4

20
3.83
Ca-FeSi
15
1156.0
1117.6
38.4
1173.5
1128.6
1133.9
1.04
27.4
5.3
31.1
45.3




30



1181.2
1133.6
1135.3
0.11
22.4
1.7
173.6
197.9

21
3.94
Ca-FeSi
15
1156.4
1114.6
41.8
x
x
x
x
x
x
x
x




30



1176.1
1135.9
1137.9
0.10
20.5
2.0
170.7
196.7

30
3.85
Sr-FeSi
15
1156.8
1115.8
41.8
x
x
x
x
x
x
x
x




30



1160.2
1137.3
1137.3
0.0
19.5
0
199.4
21.4

31
3.91
Sr-FeSi
15
1157.0
1113.6
43.4
1174.2
1130.2
1133.4
0.62
26.8
3.2
58.2
64.4




30



x
x
x
x
x
x
x
x


* Thermocouples failure

Chemical composition and morphological feature of inclusions under inoculant type influence (SEM analysis)  Table 8

Inoculant

type
Inclusion

symbol
Connection

given graphite
Maximum

size, (m
Analysed

zone*
Chemical composition , at %






Fe
Mn
S
Ca
Sr
Si
Al
Ti
O
Others

HP-FeSi
5G5
no connection
3.3
Cm
31.7
37.41
30.88
-
-
-
-
-
-
-





ic-m
71.90
13.05
13.11
-
-
1.94
-
-
-
-


5G4
superficial contact
3.3
n
50.45
24.52
21.39
-
-
-
3.64
-
+
-





Cm
46.01
28.63
25.36
-
-
-
-
-
-
-





ic-g
48.18
28.69
23.13
-
-
-
-
-
-
-


5G15
partial 

encapsulated
4.0
Cm
11.70
48.60
39.70
-
-
-
-
-
-
-





ic-g
36.38
31.13
31.56
-
-
0.93
-
-
-
-


5G8
full 
2.9
Cm
28.73
40.24
31.03
-
-
-
-
-
-
-



encapsulated

ic-g
55.66
22.88
19.97
-
-
1.09
-
-

Cu=0.39

Ca-FeSi
2G13
no connection
4.0
n
15.46
27.48
21.24
0.51
-
-
14.12
-
21.7
-





Cm
27.17
40.30
31.38
0.55
-
-
-
-
-
-





ic-m
68.31
16.39
15.13
0.18
-
-
-
-
-
-


2G11
superficial contact
3.9
n
11.56
25.00
15.94
0.23
-
-
18.91
-
28.36
-





Cm
14.57
49.92
35.21
0.31
-
-
-
-
-
-





ic-g
35.55
33.76
30.53
0.15
-
-
-
-
-
-


2G12
partial 
3.4
Cm
13.66
46.96
38.59
1.29
-
-
-
-
-
-



encapsulated

ic-g
39.33
29.39
30.46
0.82
-
-
-
-
-
-


2G19
full 
3.3
Cm
6.52
46.03
46.03
1.42
-
-
-
-
-
-



encapsulated

ic-g
38.40
29.34
31.30
0.97
-
-
-
-
-
-

Sr-FeSi
4G10
no connection
2.5
n
46.62
28.80
21.31
-
-
1.11
2.16
-
+
-





Cm
44.33
29.48
26.19
-
-
-
-
-
-
-





ic-m
56.12
18.06
18.91
-
-
2.30
-
-
4.61
-


4G9
superficial contact
7.0
n
7.83
33.35
30.00
0.81
3.20
-
7.58
-
12.19
Cu=4.11

Zn=0.93





Cm
18.40
40.46
40.26
0.44
-
-
-
-
0.44
-





ic-g
33.46
32.52
34.02
-
-
-
-
-
-
-

Table 8 (cont)

4G13
partial 

encapsulated
4.7
n
16.68
32.75
33.05
-
-
1.44
4.42
-
9.52
Cu=0.17

Zn=1.97





Cm
23.95
36.01
35.23
-
-
1.60
-
-
3.21
-





ic-g
71.15
11.79
17.06
-
-
-
-
-
-
-


4G7
full 

encapsulated
4.0
n
20.22
34.71
33.84
-
-
-
2.91
-
4.38
Cu=2.67

Zn=1.27





Cm
22.45
39.04
38.51
-
-
-
-
-
-
-





ic-g
69.65
13.61
16.74
-
-
-
-
-
-
-

* n-compound nucleus; Cm-compound mass; ic-g-compound/graphite interface;  ic-m-interface compound/matrix; + -not quantified










Table 9












HP-FeSi / Ca-FeSi / Sr-FeSi inoculation comparison 

in the grey irons field

Characteristics
Conventional Inoculated 

Irons
Overinoculated Irons

Sulphur and Oxygen level
Lower
Higher
Higher

Ca and Sr level
Lower
Lower
Higher

Irons features:
    -Sulphur

    -Oxygen

    - Manganese

    - Silicon

    - Mn/S ratio
0.005-0.01%

0.005-0.0075%

0.25-0.37%

1.22-1.32%

25-80
0.07-0.09%

0.01%

0.23-0.28%

1.14-1.20%

2.5-4.0
0.07-0.083%

0.005-0.01%

0.50-0.53%

1.80-2.14%

6.1-7.2%

 Active elements:

   -HP-FeSi treatment

   - Ca-FeSi treatment

   - Sr-FeSi treatment
( 3 ppm Ca

11-12 ppm Ca

2-3 ppm Sr

( 3 ppm Ca
1-7 ppm Ca

0.1-0.5 ppm Sr

20-29 ppm Ca

0.3-1.8 ppm Sr

19-28 ppm Sr

5.5-8.5 ppm Ca

Chill tendency

   -Lowest

   - Intermediary

   - Highest
Ca-FeSi

Sr-FeSi

HP-FeSi
Sr-FeSi

Ca-FeSi

HP-FeSi
Sr-FeSi

Ca-FeSi

HP-FeSi

Undercooling degree:

   - Lowest

   - Intermediary

   - Highest
Sr-FeSi

Ca-FeSi

HP-FeSi
Sr-FeSi

Ca-FeSi

HP-FeSi
Sr-FeSi; Ca-FeSi

-

HP-FeSi

Recalescence degree:

  -Lowest

  - Intermediary

  - Highest
Sr-FeSi

HP-FeSi

Ca-FeSi
Sr-FeSi             HP-FeSi

Ca-FeSi
Sr-FeSi

Ca-FeSi

HP-FeSi

Graphite morphology:

  - (E+D) type

  - A-type

  - Compacted shape
HP-FeSi

Ca-FeSi; Sr-FeSi

-
HP-FeSi

Sr-FeSi; Ca-FeSi

-
HP-FeSi

Sr-FeSi; Ca-FeSi

Sr-FeSi; Ca-FeSi

Carbides sensitivity

  -Lowest

  -  Intermediary

  - Highest
Ca-FeSi; Sr-FeSi

- 

HP-FeSi
Ca-FeSi; Sr-FeSi

-

HP-FeSi
Sr-FeSi

Ca-FeSi

HP-FeSi

Eutectic cell number:

   -Lowest

  -  Intermediary

  - Highest
HP-FeSi

-

Ca-FeSi; Sr-FeSi
HP-FeSi

-

Sr-FeSi; Ca-FeSi
HP-FeSi

-

Ca-FeSi; Sr-FeSi
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[image: image18.png]Fig.  10. Morphologycal aspect of (MnX)S inclusions and their relationship given
graphite: a,b - HP-FeSi; c.d,e - Ca-FeSi; f,g.h - Sr-FeSi treated irons.
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Fig.12 Chill tendency(
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