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ABSTRACT

KEYWORDS

Spheroidal graphite (SG) cast irons sometimes solidify too rapidly to be
really constituted of only ferrite and graphite at room temperature. In such
casesaheat-treatment of graphitization iscompulsory, applying it necessarily
induces high temperature oxidation for the pieces surfaces. In not alloyed
castironsthe single element possibly limiting thisdeteriorationissilicon. In
this study it is wished to start establishing qualitative relationship between
the silicon content in a given SG cast iron and the amount of deterioration
by hot oxidation provoked by a same thermal cycle. In thisfirst part it was
tried to re-melt parts of asame SG cast-ironinorder to modify itsSi content,
but by preserving the spheroidal character of graphite. This was here
successfully realized by using a high frequency induction furnace under
argon atmosphere for a duration short enough to avoid the fading
phenomenon. SG cast iron ingotswere thus obtained with different contents
insilicon, with graphite particles still spheroidal, but with also aglobal finer
microstructure, notably much higher nodules counts and much smaller
nodules. © 2015 Trade ScienceInc. - INDIA
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INTRODUCTION

Iron-carbon alloys are among the most frequently
used metalic alloyssincemany hundred yeard*?. The
low carbon ones, steel 9% — which contain typically less
than 2wt.% C and furthermoreless 1.5wt.% C for most
of them — are mechanically very strong at room tem-
peratureand also very refractory (melting point of iron:
1535°C™). Theseonesmay bemoreor lesshighly a-

loyed with many other e ementsand €l aborated/treated
following agreat number of different waysinorder to
achievevery variousmechanicd, chemical or physica
properties.

Thehigh carbon { Fe, C}-based alloys, cast irons,
may bethemselvesof very numeroustypes. Their ma-
trix may beferritic, ferrite-pearlitic, pearlitic, ledeburitic
thisfollowing thecooling rate during solidification and
after down to room temperature, bainitic or martensitic
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if sAlts-, oil- or water-quenched. If they solidifiedinthe
austenite-graphite system rather than in the austenite-
cementiteone, the graphite particlesmay bethemsalves
of different morphol ogies (flake, vermicular or nodu-
lar). Asinthecaseof stedls, thismultiplicity of micro-
sructureleadsto very variouspropertiesin many fiel ds.

Concerning especidly cast irong®>® theobtained as-
cast microstructuresare often not suitablefor the ex-
pected properties and the shaping by foundry/mould-
ingisgenerdly followed by heat-trestment. For example
thisone aimsto the disappearance of the carbidesis-
sued fromtoo fast solidification or theferrite/pearlite
rating when one of these constituentsistoo present.
One of themost used typeof cast ironisthe spheroidal
graphiteferriticoneand after solidificationit happens
that some carbidesare a so present in the microstruc-
tureor atoo important fraction of pearlite. A re-hesting
up to high temperaturejust under the eutectic plateau
(toavoidany partia re-melting and thuspossibleloss
of the spheroidal shape of graphite) for astage of sev-
erd minutes, generaly alowssuppressing such carbides
(for rather low initid fractions). And thefollowingdow
cooling generdly alowssolid transformation of austen-
iteintoferriteand graphite, with no gppearanceof pearl-
ite.

Sincesuch post-solidification hegt-treatment isgen-
erdly carried out inplant’s air oxidation necessarily takes
placewith asresult amoreor less severedeterioration
of thepieces’ surface. No aluminium and no chromium("®
being presentin theno-dloyed cast ironsthe res stance
to high temperature oxidation dependsonsilicon only.
Indeed thiselement is necessarily present in such SG
cast aloysée aborated from clean new iron coming from
blast furnace, to avoid carbide-forming or carbides-sta
bilizer elementsasthis may happen wheniron comes
from cupola

Inthiswork aspheroidal graphitecast iron already
elaborated wasenrichedin silicon or not and tested in
high temperature oxidation. Theapplied thermal cycle
was characterized by { temperature, time} -val uestypi-
cal of theoneswhich can beused for destabilizing/dis-
solving the carbidesresulting from to alittletoo fast
solidification, and suppresstheinitial part of pearliteto
obtainamatrix wholly ferritic. Inthisfirst part, partsof
anavailablepieceof aSG cagt ironingot werere-melted
with addition of supplementary silicon in order to ob-

tain SGironswith several Si contents. Themicrostruc-
turesand hardnessof thesenew cast ironingotswill be
characterized. Inthenext part'® of thisstudy thesenew
castironswill betested in high temperature oxidation.

EXPERIMENTAL

Aningot of about 5cm x Sem x 10cm of spheroi-
dal graphitecast ironinthelaboratory wasavailable,
the microstructureof whichisillustrated by optical mi-
crograph in Figure 1. Thisingot ismade of aSG cast
iron contai ning effectively nodular graphitebut aso pri-
mary cementiteand pearlite.

Figurel: Optical micrograph of themicrostructureof the
initial ingot (after Nital 4 etching)

Itschemica composition was determined by En-
ergy Dispersion Spectrometry using a Scanning Elec-
tron Microscope (SEM) JEOL JSM 6010LA: itiscom-
posed of principaly iron, carbon (not measurablewith
thistechnique) and of 2.53wt.% of silicon.

Thisinitial ingot was cut to preparethree parts of
about 40g to re-melt without or with silicon addition.
Cutting, carried out with aBuelher DeltaAbrasimet
metall ographic disc saw, led to three partsweighing
37.33, 39.71 and 38.78g, which werere-melted with-
out silicon addition for thefirst one (to obtain aningot
with the history then the same mi crostructure fineness
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Figure2: Meltingin progressin the copper crucibleof the
high frequency induction fur nace
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asthetwo Si-enriched ingot), with addition of 0.2g of
Si for the second one, and with addition of 0.4g Si for
thethird one. There-melting was carried out using a
CELEShigh frequency induction 100kW-furnace un-
der an inert atmosphere of pure argon (300 mbars).
Thephotographgivenin Figure2illustratesthefusion
of analoy inthewater-cooled copper crucibleof this
furnace.

In order to favour there-appearance of spheroidal
graphiteinthere-solidifiedingotsthefollowing therma

—== Fyf] Paper

cyclewasapplied:
. voltageincreased up to 2500 Voltstowhichit
was mai ntai ned during oneminute.

. new increasein voltage up to 3500 Voltsalso
followed by a1l minute stage.

. progressive decrease of the applied voltage
down to O (about 20 seconds of power dimi-
nution).

Thethreeingotswereeach cutinto halvesusinga
same metall ographic disc saw asabove. Onehaf was
embeddedinacold resnmixture(resinAradite DBF
+ hardener HY 956, Escil). The mounted samplewas
ground with SiIC-papersfrom 120 to 1200 grade, un-
der water from 120 up to 800-grit, and without any
[ubricant for the 1200-grit paper. Indeed grindingindry
conditioniscompulsory for thefinal grinding stageto
avoid any hydration of thegraphitenodulesto preserve
them from shape deterioration under grinding. After in-
termediate ultrasonic cleaning the samplewasfinaly
polished withtextile enriched with 1um hard particles.

ﬁ.—_iﬂ-g;-

Figure3: General view of theingot befor e cutting (Ieft) and ar easof metallographic char acterization on half ingot (right)

Thesamplewasimmersedina‘Nital 4” etchant — com-
posed of 96% ethanol (H,C-CH,-OH) and 4% pure
nitric acid (HNO,) — for about ten seconds to reveal
theinitial microstructure of thiscast iron. Microstruc-
ture examinations were performed using a metallo-
graphic optical microscope Olympus model BX51
equipped withadigita camera

Numerica optical micrographsweretakentoillus-
tratemicrogtructureaswell astodlow counting of graph-
ite nodul es after paper printing and to measure the
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Figure4: Theobtained microstructuresof thethreere-meted and re-solidified ingotsfor thefhreelocations(top: red arrow
in Figure4, middle: orangearrow, bottom: green arrow); left: theonewithout S addition (2.5wt.% S), middle: theonewithout
single S addition (3.0wt.% Si), right: theonewith double Si addition (3.5wt.% S)

graphite surfacefractionsusing theimageanaysistool
of theAdobe Photoshop CS software of Adobe.

Besdes, thehardness of thethreeingotswas speci-
fied with Vickersindentationsperformed onthemounted
and polished samples. Thiswasdoneusing aTestwell
Wol pert apparatus, with aload of 10kg.

RESULTSAND DISCUSSION

Microstructuresof theremeted and re-solidified
ingots: qualitative observations

A macrophotograph of one of the obtained ingots
ispresented in Figure 3, before (left) and after (right)
cutting. The arrows (red, orange and green) respec-
tively show the“top”, “middle” and “bottom” localiza-
tionsinwhichthemicrostructureswere observed.

Indeed, since the microstructure was often obvi-
ously heterogeneousfromtop to bottom intheingotsit
was necessary to do thisdistinction. The microstruc-
turesof thethreeingots before Nital etching are pre-

sented by optical micrographsin Figure4. Thereare
obvioudy muchfiner than theoneof theinitid SG cast
iron. Thisisdueto themuch faster solidificationinthe
copper crucibleof theinduction furnace (thesolidifica
tion of theinitial — and bigger — ingot was probably
redlizedinasand mould). Thisprovesthat it wasredly
necessary to re-melt and re-solidify thenot Si-enriched
castironinthesenew conditionsto dlow va uablecom-
parisons. It is also very important to notice that the
obtained graphiteisstill of aspheroidal type, despite
no additional treatment of liquid metal wasdone after
there-melting of theinitial SG cast iron: neither des-
ulfurization and magnes um trestment, nor inocul ation.
Second it seems that the graphite nodules are more
present or coarser inthe upper part of theingotsthan
bellow, and that their population density ishigher for a
higher S content.

Microstructuresof theree-medted and re-solidified
ingots: quantitative measurementsresults

Waterioly Stience  mm—
A 7WMW
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TABLE 1: surfacedendty and surfacefractionsof thegraphite spher oids(counted/measured on not etched samples)

Final Si content (wt.%) L ocalization in theingot No?rur:reng;)unt Surface fraction of graphite (surf.%)

Ingot with 2.5% S top 51.84+4.13 2.69
(“+0 Si”) ' middle 52.60+2.34 21
bottom 51.32+ 1.59 1.13

) ] top 63.43+7.06 3.55
'(f]fgf‘z""s'tif])a‘)% S middle 55,93+ 5.13 2,04
bottom 80.65 +24.54 1.81

) ) top 77.07+0.39 3.16

'(f]fgt 4WS'tif])3' 5%S middle 74.42 + 4.44 217
bottom 84.32 +£25.43 2.80

“+0.4 Si”’ cast iron

cast iron

200 um

“+0 Si”’ cast iron

Figure5: Theglobal microstructuresof thethreeingotsafter Nital ecthing

Inorder to get moreaccurate dataabout thegraphite
population, several micrographsweretakenineachlo-
cation, then digitalized in black and white pixelstoal-
low measuring thecumul ative surfacefractionsof graph-
ite. For each ingot and for each locationin asameingot
theresultsled to an average value and astandard de-
viation onefor uncertainty. Theresultsare givenin
TABLE 1.

From theresultspresented inthiSTABLE 1it ap-
pearsfirst that the dengity of thegraphitenodules (asis
to say their number of per surfaceunit area) tendsto be
higher near the bottom of theingot thaninits highest

part. Thisdifference, whichiscurioudy morevisblefor
thetwo Si-enriched ingotsthan for thenot Si-enriched
one, can be explained by the probably faster solidifica
tion of the bottom part of theingotsin contact with the
water-cooled metallic crucible, than the upper part
whichisfarer fromthiscrucible. Thisalso explainsthe
presence of coarser nodulesin the upper part by com-
parison with bellow (Figure 3). Second, for each loca
tion—top, middle and bottom — the nodules count gives
higher valuesfor higher Si contents. Concerning the
surfacefractionsof graphiteit seemsthat it issystem-
aticaly higher for thetoplocdizetionthan for themiddle
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TABLE 2: Hardnessvalues(Vickers, load: 10kg)

Final Si content (wt.%) Localisation in theingot HVi0kg

top 464

Ingot with 2.5% Si (“+0 Si”) middle 488
bottom 525

top 450

Ingot with 3.0% Si (“+0.2 Si”) middle 483
bottom 514

top 401

Ingot with 3.5% Si (“+0.4 Si”) middle 478
bottom 336

oneand higher for themiddlelocalization thanfor the
bottom one. In contrast, the variation of the graphite
surfacefractionwith the silicon content isnot so clear,
but thereishowever atendency to anincrease when
theSi content increases.

Microstructuresof thereemédted and re-solidified
ingots: after Nital etching

EtchingwiththeNita solutiongenerdly alowswell
seeing themicrostructure of not aloyed carbon steel's
and cast irons, pearlitebecoming grey whileferriteand
cementiteremainwhite. Themicrostructuresof thethree
ingotsafter etching areillustrated by optica micrographs
inFigureb. It seemsqualitatively that ferrite, cementite
and pearlitearerespectively dightly morepresent, less
present and less present, when thesilicon content in-
Creases.

Theindentationswhich were performed according
to the Vickers method under a 10kg load led to the
valuesgivenin TABLE 2. Seemingly the hardnessin-
creasesfrom top to bottom in each ingot while, for a
givenlocdization, it decreaseswhenthe S contentin-
creases. Thisisin good agreement with the observa-
tionsmadejust above about themicrostructureevolu-
tion sincethe harder phases or constituent are cement-
iteand pearlite.

General commentaries

May bethe most interesting observation that was
done hereisthat spheroida graphitewere obtained af-
ter remelting of theinitial SG cast iron and re-solidifi-
cation. Although that the melting wasnot achieved with
ahigh power or voltagefusion was probably complete
and, besidestheinitial matrix obviously wholly re-
melted, mogt of the existing graphitenoduleshave aso

disappeared. But, thanksto both therather low maxi-
mal voltage applied and to the short stageinthemolten
state, the nuclel werestill hereand furthermoreinan
activestate (no “fading” phenomenon) and they acted
during the solidification, leading again to spheroids.
Besides, remelting and stage in themolten stagewere
redized ininert atmosphere: thus, no oxygen cameand
promoted any degenerating effect on the growing nod-
ulesduring solidification. And then: despitetheabsence
of any new desulfuri zation/spheroidization treetment and
of any additional inoculationto help graphiteto nucle-
atenotably in thiscontext of competition with cement-
itebecausefast solidification, grgphite succeeded nucle-
ating and growing as spheroids. Thebeneficial effects
of thedesulfurization andinoculation appliedfor thefirst
solidification of cast iron part werethustill intact.

Thanksto that, it wasthus possibleto simply ob-
taininlaboratory, withsmplere-meting and re-solidi-
fication, new ingotsof SG cast ironwithnew levelsin
slicon contents. But it istruethat thefaster solidifica
tion, ratefurthermore depending on thelocdizationin
the copper crucible, led to microstructure much finer
thaninitially and heterogeneous matrixesand densities
of graphitenodules.

CONCLUSIONS

New ingotsof spheroidal graphitecastironswere
then successfully obtained with varioussilicon contents.
Thethree SG cast ironswill be now exploited to ex-
ploretheir responsesto high temperaturegraphitization
treatments, interm of behaviour in high temperature
oxidation aswell asinterm of disappearance of car-
bides (primary cementiteand | ebeburiteduring the tage
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and pearlite during the cooling through the eutectoid
plateau or band). Thisisthe subject of the second part
of thiswork®.,
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