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High-silicon cast irons remain ferritic at higher temperature than usual cast irons and present both better oxi dation resistance and higher mechanical strength. Such a high-silicon spheroidal graphite cast iron was heat treated up to 50 h in total at 800 °C in two clifferent manners: under isothermal and cyclic conditions. Under the isothermal condition, the distribution of graphite inclusions did not vary significantly. On the contrary, tem perature cycling led to spectactùar coalescence whose evolution was observed after 1000, 2000 and 3000 cycles. Quite unexpectedly, the largest graphite particles -that were growing because of coalescence -showed an ir regular outer surface after 1000 cycles, which evolved in impressive dendritic instabilities and then large pro tuberances after 2000 and 3000 cycles. Optical microscopy and X-ray computed tomography ( XCT) were used to quantitatively study these microstructural changes.

Introduction

Cast irons are widely used in buildings (water pipes for instance), automotive (machines, engines and exhaust manifolds) and wind power (hubs) industries due to a combination of good casting properties and high mechanical properties. A graphitic cast iron is a composite mate rial made of graphite precipitates within a Fe-rich matrix. It is primarily composed of iron, carbon and silicon, but other elements can be added to modify graphite shape and mechanical properties of the matrix. High silicon cast irons have been developed in the 1980's for automotive applications due to the increase of the upper temperature at which ferrite is stable [l]. Further, silicon improves oxidation resistance which is also an important property for parts included in propulsion systems [START_REF] Delin | High Silicon Cast Iron with Mixed Graphite (MG) Shapes for Elevated Temperature Applications[END_REF]. For the last few years, high silicon grades have also been developed for other applications because of the intrinsic strengthening effect of this element on the material.

In the usual cast irons, graphite takes on a so-called lamellar shape. However, adding a small amount of magnesium and inoculating the melt leads to the formation of discrete graphite spheroids [START_REF]Classification and basic types of c.ast iron[END_REF] with an associated marked increase in mechanical properties. Intermediate spheroidizing treatment may lead to varions shapes of graphite known as compacted graphite with intermediate properties and better casting • Corresponding author. soundness than spheroidal graphite irons (SGI) [START_REF] Garn | Cast iron: compacted graphite, Encyclopedia of Iron, Steel and Their Alloys[END_REF]. Control of the graphite particle shape is of utmost importance as this affects service properties, but is in practice difficult as this is sensitive to the casting conditions (cooling rate) and the presence of low-level of impurities [START_REF] Lacaze | Effects of impurities on graphite shape during solidification of spheroidal graphite cast ions[END_REF].

This shape control is most generally carried out on 2D metallo graphic sections though 3D reconstructions have often given significant insight supporting better understanding of the microstructure forma tion in cast irons. It is worth mentioning here the patient work con sisting in successive polishing of a 2D section until sufficient informa tion can be gained to build 3D patterns. This allowed showing that cells of coral graphite [START_REF] Lux | The spatial structure of graphite in pure Fe-C-Si alloys[END_REF] and compacted graphite [START_REF] Stefanescu | Production of vermicular gra phite cast-irons by operative control and correction of graphite shape[END_REF] are both consisting of interconnected particles of graphite. Application of modem analytical means to cast irons started with the use of focused ion beam (FIB) milling by Velichko and Mücklich [START_REF] Velichko | 3D characterization of graphite morphologies in cast iron[END_REF]. X-ray computed tomography (XCT) with a laboratory source [START_REF] Salomonsson | Three-dimensional microsnuctural character ization of cast iron alloys for numerical analyses[END_REF] or with a synchrotron [START_REF] Chuang | 3D quantitative analysis of graphite morphology in high strength cast iron by high-energy X-ray tomo graphy[END_REF][START_REF] Chuang | Application of X-ray computed tomography for the characterization of graphite morphology in compact graphite cast iron[END_REF] al lowed to perform a full reconstruction of large (mm size) compacted graphite cells. Also, the formation of spheroidal graphite during soli dification could be followed on thin samples [START_REF] Yamane | Influence of Mg on solidification of hypereutectic cast iron: X-ray radiography srudy[END_REF] and on mm size samples [START_REF] Bjerre | Situ Observations of Graphite Formation During Solidification of Cast Iron[END_REF][START_REF] Azeem | Synchrotron quantifi cation of graphite nodule evolution during the solidification of cast iron[END_REF]. These above 3D works provided also quantitative in formation on the graphite size and shape distribution. Regarding SGI, more systematic studies have been carried out using laboratory XCT, e.g. to compare 3D size distributions as calculated from 2D observation and 3D measured distributions [START_REF] Mrzyglod | Quantitative analysis of ductile iron microstructure -a comparison of selected methods for as sessment[END_REF][START_REF] Lekakh | 3D characterization of snucture and micro-porosity in two cast irons with spheroidal graphite[END_REF]. Yayun Yin et al. [START_REF] Yin | 3D quantitative analysis of graphite morphology in ductile cast iron by X-ray microtomography[END_REF] in vestigated tbe effect of casting section size (cooling rate) on tbe 3D size and shape distribution of spheroids.

The objective of tbis paper is to precisely document tbe possibilities offered by 3D investigations as tbey appear particularly suited to quantitatively describe spheroidal graphite overgrowtbs which have been recently evidenced after tbermal cycling at 800 °C of high silicon cast irons [START_REF] Ebel | Coarsening and dendritic instability of spheroidal graphite in high silicon cast iron under thermal cycling in the ferritic domain[END_REF]. It is wortb stressing tbat it bas been verified by dif ferential tbermal analysis tbat tbis maximum temperature is lower tban tbe temperature for tbe start of tbe transformation of ferrite to auste nite. The phenomenon investigated here thus proceeds witbout phase change but it could drive to a dramatic decrease in tbe mechanical properties depending on its actual 3D extension. When only 2D quali tative observations were reported in tbis preliminary work, botb optical microscopy and XCT were used here to systematically quantify the microstructural variations. While the former technique is easily acces sible and gives highly resolute sectional images down to a sub-micro meter scale, tbe latter is particularly useful to obtain a large number of sample layers in a non-destructive manner and to give detailed particle size, connection and shape distribution over tbe whole volume of analysis.

Experimental details

Materials preparation

The selected material was a high-silicon cast iron containing mainly 3.10 wt.% C and 4.45 wt.% Si, as well as 0.0037 wt.% Sb for avoiding degeneracy of spheroidal graphite during casting. It has been spher oidized and cast in Y-shape blocks as described previously [START_REF] Gonzâlez-Martinez | Effects of high silicon contents on graphite morphology and room temperature mechanical properties of as-cast ferritic ductile cast irons. Part I -microsnucture[END_REF]. For cycling treatment, ten samples (20 x 10 x 2 mm 3 ) were machined out from tbe casting and a hole was drilled for hanging. They were tben polished witb a P1200 sand-paper, cleaned witb acetone and alcohol and finally measured (in size and weight). Two otber samples witb 23 x 15 x 6 mm 3 in size were prepared from tbe same block and tben polished and cleaned as tbe otbers. One of tbese latter samples, denoted as-cast in the following, wi.11 serve as a "reference" for microstrucrural studies. The second one was introduced in a Carbolite CWF 1300 re sistance furnace heated to 800 'C and held for 50 h before being air cooled. This sample will be denoted as "isotbermal".

For tbermal cycling, a homemade facility was used which consists of a vertical resistance fumace and a samples carrier connected to a me chanical cylinder tbat moves the carrier from tbe lowest position in front of a fan to tbe highest position inside tbe furnace, and vice versa. The whole system, schematized in Fig. 1, is open to the air and com puter controlled. The 10 samples were fixed to tbe sample holder witb platinum wires and a tbermocouple was spot-welded on one of tbem and linked to a computer allowing for real-time recording of the sample temperarure.

The cycling procedure consisted in raising tbe samples inside the fumace and holding tbem inside until tbey spent approximately 60 s in tbe temperature range of 800 ± 10 'C. After tbis holding period, the sample holder was witbdrawn from tbe vertical fumace and moved in front of tbe fan to accelerate cooling. The samples were kept in tbis lower position outside of tbe fumace until they reached 100 "C (a tbermocouple was spot-welded on one of tbe samples and linked to a computer allowing to know when tbe temperature was reached), and were then raised again into the furnace for anotber cycle. The time slots required for heating and cooling were determined by preliminary tests. The process was repeated up to 3000 times, though interrupted every 200 cycles for weighing tbe samples so as to follow oxidation kinetics tbat will be presented elsewhere. Upon completion of 1000 cycles, tbree samples were taken out of tbe system and kept apart for analysis. This was repeated at 2000 cycles and after 3000 cycles tbe last three samples were witbdrawn. Thus, at tbe end of 3000 cycles, three samples had undergone 1000 cycles, tbree more 2000 cycles and three otbers had completed 3000 tbermal cycles.

As three specimens were removed from tbe system after 1000 cycles and 2000 cycles, tbe holding time of the sample holder at tbe top po sition inside the furnace and at tbe bottom position in front of the fan were reduced in order to avoid temperature exceeding 810 'C upon heating. The resulting tbermal cycles and tbe histogram of cumulated durations spent in tbe rage 690 -810 °C after 3000 cycles are presented in Fig. 2. Note tbat the lime spent in the 800 'C + /-10 'C range after 3000 cycles actually reaches 56 h, which is tbe same order of magni tude as the duration of isotbermal heat treatment.

Characterization methods

The five samples, i.e. tbe as-cast material, the isotbermal sample and one sample from each cycling time, were tben prepared for metallo graphic observations. A Secotom 50 Struers micro-chainsaw was used to make a vertical eut along each sample. They were then hot mounted and polished using SiC paper and diamond clotbs. The samples were finally cleaned in an ultrasonic batb in etbanol before observation. 2D microstructural analysis was performed using an optical Zeiss AXlO microscope and image analyses were carried out witb tbe lmageJ software. For the quantitative analysis, ten images were recorded in the central part of each sample tbat was observed to remain unaffected by decarburization and oxidation even after 3000 cycles. Witb tbis number of images, the total number of particles analyzed on each sample was in between 6800 and 8500. Note that particles witb size Jess tban or equal to 5 square pixels, i.e. less tban about 2.5 µm 2 in area at tbe magnifi cation which was used, were not analyzed.

The same five samples were furtber eut to prepare a chip to be used for XCT analysis witb a Phoenix/GE Nanotom 180 instrument from the French FERMAT FR3089 federation. These samples were polished to tbe shape of matches -0.7 x 0.7 x 10 mm 3 in size suitable for in sertion in a 1 mm in diameter capillary used as sample holder for high resolution XCT. For XCT recording, tbe sample was located about 5 mm away from tbe source while tbe detector (Hamamatsu type C7942SK-05 with a resolution of 2300 x 2300 pixels) was positioned at 240 -250 mm from tbe X-ray source. 1440 steps were used for a complete sample rotation and 5 images were summed up every 0.25'. Each image was recorded for 1 s. Typically, in these conditions, each scan lasts for about two and a half hours. A high voltage of 90 kV was used for tbe X-ray beam to fully pass through tbe sample. An intensity value of 100-150 µA, depending on tbe final sample size after polishing, was used for maximizing the phases peak shift on tbe grayscale histogram to enhance phase contras!. A voxel size of 1 µm 3 was tbus obtained. A few standard corrections included in tbe datos/x reconstruction program were then applied to tbe reconstructed volume, namely ring artefact reduction, geometry calibration and beam hardening correction. VGStudio max 2.1 program from Volume Graphie GmbH based in Germany was used for XCT analysis. Witb one acquisition for each sample, tbe total number of particles analyzed per sample was in between 3900 and 6300.

For 3D analysis, tbe images were systematically segmented using an automatic threshold value that was determined after computing the phase separation between tbe iron based matrix and tbe dark graphite particles, considering 1 % reduction of tbe automatic tbreshold value (see Supplementary Information Sl for furtber details). Alike the case of Light microscopy, separation of graphite from porosity by XCT is not an easy task based on tbe similarity of tbeir X-ray absorption coefficients and tbis was not attempted but particles as small as tbe voxel size could be determined.

Amongst the many parameters that have been proposed for 2D characterization of spheroidal graphite [START_REF] Li | Quantitative analysis of the irregularity of graphite no dules in cast iron[END_REF][START_REF] Imasogie | Characterization of graphite particle shape in spheroidal graphite iron using a computer-based image analyser[END_REF] 

Fig. 3 presents a micrograph for each of the five samples. The as-cast microstructure (Fig. 3a) is typical of a slightly hyper-eutectic SGI with large spheroids that deposited first and small nodules formed during the eutectic reaction. The sample obtained after isothermal treatrnent (Fig. 3b) shows only some limited coalescence of the graphite pre cipitates, with large spheroids that are rather larger than in the as-cast state. After 1000 cycles (Fig. 3c), the microstructure shows marked coalescence but it is also noticed that the large spheroids present now . • -• , =• . • .
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.. . : . -... .-.. .. To quantify the change in graphite shape, the circularity of the particles was plotted as a function of the particles equivalent diameter D20• Fig. 4 compares the plots for the as-cast (ReD, isothermally heat treated (Iso) and thermally cycled materials with a color scale that in dicates the related number fraction. The plot for the as-cast material shows that most of the particles are quite round with a circularity higher than 0.7. Further, as expected from the observation of the mi crostructure in Fig. 3b, the distribution for the isothermally held sample shows very little difference with the as-cas! material. A high magnifi cation micrograph of this sample in Fig. Sa confirms that the contours of the graphite particles have remained smooth. After thermal cycling, the distributions are however significantly changed with the appear ance of irregular large graphite precipitates which are larger and larger as the number of cycles increases. If it is considered that these are the largest particles in the reference material that have grown under cy cling, i.e. those with D20 > 20 µm, then it is interesting to note that the distribution of the remaining particles (green to blue in Fig. 4) does not change much. This is an indirect proof that small graphite particles that have been dissolved are replaced by pores keeping the size and shape of the original precipitates.

One feature of the graphs in Fig. 4 which is worth noticing is that the larges! particles have circularity spanning an extended range from 0.2 to 0.8 when a significant shift to small values with the number of cycles would have been expected from Fig. 3. This first suggests that protuberances do not develop ail around the large graphite particles but only in some definite directions. However, there is also a particular feature of the growth process which is illustrated in Fig. Sb with a high magnification micrograph of a graphite precipitate after 3000 cycles. Il is seen that while protuberances are still growing, they tend to merge with neighboring ones by means of graphite arches. These arches finally give a more overall rounded appearance to the particles that may ex plain the large range of circularity values measured on images acquired at lower magnification.

To complement the above 2D analysis, XCT was carried out on ail five samples as illustrated in Fig. 6 which shows a 2D image extracted from the 3D record for each sample. As already detailed from 2D Light optical micrographs, the graphite particles in the as-cast and isothermal samples are mostly round. On the contrary, large graphite particles increase in size and become more irregular with thermal cycling. This evolution is exemplified in the inserts in Fig. 6a, b ande, where par ticles have been sorted according to their volume, from blue for the smallest ones to red for the larges! ones. The particle in red in Fig. 6e is a clear example of how multiple protuberances in 2D are found inter connected when observed by XCT. Another example of interconnection is illustrated with the particle in yellow in Fig. 6c which further sug gests that growth of the large graphite particles may lead to the merging of neighboring particles.

Alike the case of Light microscopy, separation of graphite from porosity by XCT is hardly possible because of the similarity of their X ray absorption coefficients and was thus not attempted. Global mea surements were first considered, namely the fraction of particles and their number. Fig. 7 shows the 2D area fraction and the 3D volume 8+---�--�--�--�--�---�-----< 6.3 6.4 6.5 6.6 6.7 6.8
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6.9 7.0 Finally, metallography analysis providing highly resolved images of particles but limited to a planar view, and XCT data showed that some particles can actually expand over a more complex shape in heat cycled cast iron materials. Isolated particles of particular dimensions can vary depending on the shape they adopt after long thermal cycling, due to particle growths and/or aggregation phenomena. XCT technique was able to give a large distribution of graphite nodules in the cast volume and evidence for the complex (trans-)formation of inter-connected graphite nodules that will directly influence the mechanical properties of a material.

Conclusion

Heat treatment and harsh conditions can strongly influence the physical properties of materials. Visualizing sample cuts or full inner volumes and systematically analyzing their microstructural behavior by 2D microscopy and 2D/3D tomography are essential in better under standing and controlling their mechanical features, for instance.

Thermal cycling of a high-silicon cast iron leads to a marked coa lescence of graphite particles in contrast with equivalent isothermal treatment. This coalescence is accompanied by a morphological in stability of the largest particles that is characterized by the develop ment of dendrite-like protuberances. Optical 2D analysis gave highly resolute sectional images down to a sub-micrometer scale of the ma terials and the 3D-XCT method was particularly useful to obtain a large number of sample layers in a non-destructive manner and to provide detailed particle sizes, connections and shape distributions over the whole volume of analysis. Hence, 2D and 3D analyses showed that, while an equivalent isothermal treatment keeps the initial shape of particles, more than a half of them Jose their circularity and sphericity after 3000 thermal cycles. Volume analysis shows that some graphite nodules can then be three times bigger than at the beginning ( -40 µm in diameter for the primary widest spheres) and the largest particles Jose their initial spherical shape to evolve into larger and more complex precipitates. 2D and 3D images show spectacular coalescence asso ciated with impressive dendritic instabilities over large graphite no dules. This detailed microstructural study evidences the unique trans formation of large graphite nodules into overgrown particles that exhibit dendritic features. This microstructure instability is expected to appear for thermal cycles with peak temperature above 700 °C. Such a microstructure evolution must be associated with a dramatic decrease of the mechanical properties of high-silicon cast irons which may ex plain why these alloys are not used above 700 -720 °C.
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 123 Fig. 1. a) Schematic of the vertical cyclic oxidation bench: samples carrier in the oven at the highest position Oeft) and in front of the fan at the lowest position (right); b) picture of the samples carrier at the lowest position; c) samples location on the samples carrier.900 60 800 _50 700 :. C:
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 3445 Fig. 3. Micrographs of the as-cast (a) and isothermally held (b) samples, as well as of samples after 1000 (c), 2000 (d) and 3000 thermal cycles (e). Insert in (d) shows dendritic overgrowths imaged under polarized light.an irregular outer shape. After 2000 and 3000 cycles (Fig.3d and e) the large spheroids have grown further and are even more irregularly shaped. The insert in Fig.3dillustrates that many of the protuberances that developed around the large graphite precipitates are dendrite-like after 2000 cycles. This suggested that the carbon dissolved in the matrix during the holding at the maximum temperature of the thermal cycles re-precipitated upon cooling in only a few locations, eventually leading to these dendrites after a high enough number of cycles[START_REF] Ebel | Coarsening and dendritic instability of spheroidal graphite in high silicon cast iron under thermal cycling in the ferritic domain[END_REF]. The mi crograph in the insert of Fig.3cwas taken under polarized light which evidences that the dendritic protuberances were certainly twinned. Such a feature was observed on many of the protuberances of the 2000 sample and certainly explains the preferential growth along these de finite directions. More detailed investigation could possibly relate the initial formation of the twins with the internai structure of the original spheroids.Growth of the largest precipitates during coalescence is expected to lead to the disappearance of the smallest precipitates. This was not evidenced with the observation of the microstructures in Fig.3. For checking this, the area fraction of graphite was measured on the 2D section of ail samples, giving the values (%) of 9.8(3), 11.0(1), 13.3(1), 15.1(2) and 16.3(3) for the as-cast, isothermal, 1000, 2000 and 3000 cycles samples, respectively, where the uncertainty on each last digit is given into brackets. Thus, this area fraction increases moderately with isothermal treatment but significantly with the number of cycles. This suggests that the coalescence process is accompanied by the formation of pores that cannot be distinguished from graphite with Light micro scopy as further discussed later. Therefore, graphite particles denoted as such in the following might also be porosities.

Fig. 6 .

 6 Fig. 6. 2D views for the as-cast sarnple in (a), the isothermally heat-treated sarnple (b) and the sarnples after 1000 (c), 2000 (d) and 3000 thermal cycles (e). An example of 3D interconnectivity is also materialized with a selected particle in (c). Renderings extracted from the 3D data are given for three of the samples, as illustrations. 1 8 �--------------------�
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 78910 Fig. 7. Relation between 2D area and 3D volume fractions of graphite and the corresponding experimental density values for the reference and isothermal sarnples, and after 1000, 2000 and 3000 thermal cycles. fraction of partides versus the density of the reference and cyded materials as measured on the XCT samples. There is a dose relation between the density decrease and the increase in the area and volume fractions of partides. A simple mass balance demonstrates that the change in density corresponds perfectly to the change in the fraction of partides assuming that pores are formed at constant graphite fraction, see supplementary material S2. Concerning the evolution of the number of partides, it was noted that the 2D data did not show a smooth evolution as this was the case of the 3D counts. 3D counts are certainly much more significant and demonstrate an average of 10 % decrease of the number of partides every 1000 cycles . To get some more detailed insight of the evolution of the partides, their distribution was obtained by sorting them with respect to their volume. The analysis was performed in a region of ~ 0.5*0.5*0.5 mm 3 for each sample. 3D renderings are shown in supplementary material S3 while Fig. 8 presents the normalized size distributions. The upper limits of the first five classes used in Fig. 8 would correspond to an equivalent diameter D eq of ~ 20, 25, 31, 40 and 50 µm, respectively, if inclusions were spherical. It is impressive that the distributions are ail quite si milar. The only effect of coalescence because of cyding seen on this figure is a slight decrease of the relative number of partides in the smallest dass and a corresponding increase in the two largest classes. Based on these observations, it seems that the largest partides engulf the smallest partides during cyding.The actual possibility of such swallowing process is illustrated in Fig.9which presents superimposed micrographs as shown in Fig.3a
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