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Effect of antimony on the eutectic reaction of heavy section spheroidal graphite castings
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There is a strong demand for heavy section castings made of spheroidal graphite with a fully ferritic matrix, e.g. for manufacturing hubs for windmills. Such castings with slow solidification process are prone to graphite degeneration that leads to a dramatic decrease of the mechanical properties of the cast parts. Chunky graphite is certainly the most difficult case of graphite degeneracy, though it has long been known that the limited and controlled addition of antimony may help eliminate it. The drawback of this remedy is that too large Sb additions lead to other forms of degenerate graphite, and also that antimony is a pearlite promoter. As part of an investigation aimed at mastering low level additions to cast iron melts before casting, solidification of large blocks with or without Sb added was followed by thermal analysis. Comparison of the cooling curves and of the microstructures of these different castings gives suggestions to understand the controlling nucleation and growth mechanisms for chunky graphite cells.

Introduction

In commercial cast irons, chunky graphite (CHG) forms in the central area (thermal centre) of large castings, though it may appear also in thin sections. 1 Macroscopic observation shows a sharp transition as illustrated in Fig. 1a that could not be related to any significant macrosegregation. [START_REF] Gagne | Proc. Int. Conf. on 'Advanced casting technology[END_REF][START_REF] Ka ¨llbom | Proc. 67th World Foundry Congress[END_REF][START_REF] Prinz | [END_REF] Figure 1b illustrates the microstructure as most generally observed by optical microscopy in the areas affected by CHG. It is seen dendrite-like ex-austenite with large nodules embedded in, more or less rounded cells of CHG and the usual spheroidal graphite (SG) microstructure in the remaining area. In these latter areas, graphite nodules are much smaller and numerous than those in the dendrite-like areas, they will be denoted as secondary nodules while the large nodules will be denoted as primary.

CHG cells have been since long recognized to consist of interconnected and branched graphite, 5,6 as illustrated in Fig. 2a. They should develop through a coupled growth process between graphite and austenite that has been suggested to be slightly looser than for lamellar cells. 7 Moreover, it is now clearly established that the growth process of CHG graphite is totally different to the growth of lamellar graphite, and instead much similar to growth of SG. 5,6,8 It may be viewed as growth of irregular crystallites along the c direction, graphite layers piling up as observed in SG. 5,8 As a matter of fact, many authors noted that the graphite particles get coarser and rounded at the periphery of CHG cells, approaching SG growth. This is illustrated in Fig. 2b that was obtained from the same sample than for Fig. 2a.

Although a great number of studies has been devoted to the description of CHG formation, a clear understanding of its appearance and a safe mastering of metal preparation to avoid it are not yet available. In this study, the solidification behaviours of large blocks with or without addition of Sb are compared by means of the cooling curves recorded during casting and by means of microstructure observation. The results are discussed with particular emphasis put on the effect of Sb while the role of post-inoculation has been described previously. 9 

Experimental details

Cubic blocks with size L5300 mm were cast in sand moulds according to the methodology described previously, 9 they have a thermal modulus about 5 cm. Each casting consisted of two to four blocks connected to the same gating system. Post-inoculation and addition of Sb were performed as required by fixing appropriate materials with a foundry adhesive close to the selected block entrance within the gating system. Post-inoculation was made with a commercial inoculant (70-78 Si, 3?2-4?5 Al, 0?3-1?5 Ca and ,0?5 RE, wt-%). When appropriate, an addition of Sb was performed with 99?99 % pure element, to reach a level of 0?004 to 0?010 % of the block weight. Table 1 lists the composition of the four cast melts as measured on medals taken before pouring in the mould, apart from the Sb content which was measured on the blocks using an ICP-MS technique. All other elements than those listed were at very low but reproducible levels. 9 The differences in cerium content that appear in Table 1 are due to the use of various FeSiMg alloys for the nodularizing treatment of the melts. Besides, 0?034% of Ce-rich misch-metal was added to the melt during the Mg-treatment performed for the M5-13 trial. The stable eutectic temperature of these alloys is predicted to vary from 1162?7 to 1163?3uC depending on the composition. 10 In the following, the various blocks will be labelled as M5-X-Y, where M5 is for the modulus, X indicates the trial number (12, 13, 16 or 18), Y stands for no post-inoculation (N), postinoculation (I), post-inoculation and addition of Sb (ISb). In the case of M5-16 trial, two levels of Sb were added that are additionally labelled with a and b.

All cast blocks were equipped with a single K-type thermocouple positioned at the geometrical centre for recording the cooling curves during solidification and cooling. An additional thermocouple was located at L/6 from the outer surface of the two blocks cast during trial M5-18. Because of a different positioning of the blocks in this latter trial, the effective thermal modulus was in fact higher than for the other castings at about 6 cm. Also, just before casting the blocks, some metal was poured in two standard TA cups, one of them containing powder of inoculant so as to reach the same level than the one for the blocks.

After casting, the blocks were sectioned and the volume fraction V V of the blocks affected by CHG was measured from images such as the one in Fig. 1a. 9 Metallographic sections were then prepared from samples taken at the centre of the casting, on which series of micrographs such as the one in Fig. 1b were made for measuring the local area fraction A A of CHG. 9 On similar series of micrographs, the areas A PG and A SG with respectively primary and secondary graphite nodules as well as the corresponding nodule densities N PG and N SG were estimated. All these values are listed in Table 1, as well as the average nodule count N block which is given as: (1002A A )6N block 5A PG 6N PG zA SG 6N SG .

Results

Thermal analysis with standard TA cups are shown in Fig. 3 for inoculated alloys which show that solidification proceeds in two steps, much like the description given by Chaudhari et al. 11 for near eutectic alloys, with an initial eutectic reaction and a more lengthy eutectic plateau. These curves confirm also that all four melts have similar solidification features in relation to their nearly identical carbon equivalent C eq (see Table 1). This was the case also for the curves recorded with noninoculated alloys though, as expected, it was noted that post-inoculation increases significantly the eutectic plateau temperature.

None of the TA cups did show any CHG, so that the cooling curves recorded on the blocks were first analysed with the aim of looking for any difference with the TA cups records and for any relationship between their characteristics and the amount of CHG as measured either with A A or V V . In that respect, attention should be put on the recalescence as it has been reported that it increases with CHG formation. 1,[START_REF] Prinz | [END_REF] Figure 4 provides a comparison of the cooling curves recorded on the blocks M5-13-N, M5-13-I and M5-13-ISb. The eutectic solidification proceeds in two steps as for the TA cups, though the two arrests have somehow merged in the case of the melt treated with Sb. There is also a pre-eutectic reaction that is apparent for all the three curves. The effect of post-inoculation is clearly evidenced with a recalescence rate for the first eutectic reaction being much higher after this treatment (M5-13-I and M5-13-ISb) than without it (M5-13-N).

The corresponding values of A A and V V have been also reported along the curves in Fig. 4. In the case of the non post-inoculated melt, it is seen that the high value of A A is not related to a large recalescence, thus indicating that the cooling curve characteristics do not relate to local microstructure evolution. The same was observed with the cooling curve recorded on the M5-16-N block. On the contrary, there is clearly a higher recalescence during the second eutectic reaction of the M5-13-I when compared to the Sb-treated M5-13-ISb block. As a matter of fact, this increased rate could be observed for all castings that were inoculated but not treated with Sb. Owing to the higher nodule counts of both primary and secondary graphite in the case of the Sb treated melt, as well as to the lower amount of CHG, the higher recalescence observed for the melt without Sb could well be related to CHG formation.

The above conclusions were confirmed by the analysis of the two cooling curves recorded on each of the blocks of trial M5-18. The comparison of the records at the distance L/6 from the surface of the blocks with and without Sb added is made in Fig. 5. The two curves are superimposed until about one third of the solidification time, and then a strong recalescence appears in the case of the untreated block. As the microstructure of these castings differ by the fact that Sb suppresses totally CHG while V V was found equal to 24% in the nontreated block, it seems evident to associate the increase in the recalescence rate to the growth of CHG. The curves recorded at the centre of the blocks showed exactly the same features, at exactly the same time, meaning that the temperature of the material is homogeneous after an initial transient. Thus, the melt cools down and then starts to solidify in a nearly uniform way in the whole block, and temperature gradients take place only after a significant fraction of the material has solidified. The cooling curves appear to be representative of the solidification at the scale of the blocks, thus explaining why no correlation could be found between A A and V V values and the eutectic plateau temperature. This also agrees with the conclusion by Prinz et al. [START_REF] Prinz | [END_REF] who reported that recalescence is limited when CHG is concentrated in the centre of the castings and maximum when the whole section is affected.

Discussion and conclusion

The shape of the pre-eutectic reaction observed in the cooling curves of Fig. 4 is similar to what could be expected for primary precipitation of graphite. This appears in agreement with the fact that in most cases blocks showed a microstructure as illustrated in Fig. 1b with large nodules embedded in dendrite-like exaustenite. The first eutectic reaction thus appears related to the coupled growth of these primary nodules with austenite, and it has been seen its kinetics is enhanced with higher nodule count. It was however also observed that the undercooling between the primary arrest and the start of the eutectic reaction is correlated with the amount of cerium, in agreement with previous observations, 12 and not with nodule count. In line with the schematic by Zhou et al., 7 it is concluded from the above results that CHG cells nucleate during the initial eutectic reaction, once austenite dendrites with primary graphite nodules embedded within it have started to develop. Their growth leads to a sharp slope change on the eutectic plateau, corresponding to an increased recalescence rate.

Owing to the very small composition differences between the alloys presently studied, it was noted that the undercooling of the melt at the start of the eutectic reaction, which should relate to its carbon supersaturation, greatly varies from one casting to another without a direct relation to the amount of CHG formed. This suggests that the proposal by Gagne and Argo 2 that CHG increases with constitutional supercooling of the melt should be further substantiated. One line for future work emerged by the observation that oxides or compounds found in CHG areas differ from those observed in unaffected zones. [START_REF] Ka ¨llbom | Proc. 67th World Foundry Congress[END_REF] As a matter of fact, the lengthy cooling and solidification time of heavy section SG irons may allow for significant changes in the amount of active elements dissolved in the melt. Accordingly, one may have to consider nucleation and growth of oxides or other compounds of Mg, Ce or any other additive or impurity, for a proper understanding of the formation of CHG.
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 2 Interconnected strings of graphite crystallites as observed in SEM on a deeply etched sample; b Termination of a graphite string with an incomplete graphite nodule

Table 1

 1 Code of the castings, use of post-inoculation (I for inoculated) or not (N for no inoculation), composition of the melt in carbon, silicon, cerium and antimony (in wt-%), carbon equivalent (calculated as C eq 5w C z0?28w Si (mm 22 ), volume fraction of the block V V (%) and area fractions A (%) affected by CHG (see text for details)

	10 ),

1 a Central section of a cast block with the zone affected by CHG appearing with darker contrast; b Optical micrograph of a heavy section SG cast iron part showing dendrite-like ex-austenite with large nodules embedded in, cells of CHG and areas of usual SG microstructure
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Cooling curves recorded on the TA cups for melts with post-inoculation

Comparison of the cooling curves obtained at the thermal centre of the three blocks of trial M5-13 with A A and V V values indicated
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