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ABSTRACT KEYWORDS
In this second part of the work the re-melted then re-solidified spheroidal Spheroidal graphite
graphite (SG) cast iron samples, without or with enrichment in silicon, were cast iron;
exposed to high temperature (rather fast heating, 10 minutes at 957°C, very Silicon;

dow cooling) inair. Concerning the surface state all the sampleswere oxidized,
with the exclusive formation of Fe,O,. Theoxide scaleswere about 20-25 pm
thick and a graphite-free zone developed from the external surface over an
about 60-70um depth. The silicon had a lowering influence on these two
parameters, clearly for the first one but not so clear for the second one.
Concerning the bulk thethermal cycle applied waslargely sufficient to correct
the matrix microstructure since al primary cementite and pearlite have
disappeared. The influence of these silicon contents and these heat-
treatment parametersremainsto be tested for much coarser microstructures
of SG castirons. © 2015 Trade Sciencelnc. - INDIA

High temperature oxidation.

INTRODUCTION iron-based alloys sincethereisno compulsory to re-
movethecarbonfrom liquid meta cyclicaly getting out
of theblast furnace asfor stedls. Cast irons shaped by

moulding directly after they leaved the bottom part of

Cadtirond*2 areiron-carbon aloysamong theeas -
est to shapeby foundry. Their good castability isdueto

amelting temperature rangerather low by comparison
to steels. Indeed, asreadablein thebinary Fe-C dia-
gramg® the presence of about 4.25 wt.% of carbon
leadsto afall in melting temperaturefrom 1535°C for
pure Fedownto 1153°C in the austenite-graphite stable
diagram and 1147°C in the austenite-cementite meta-
gablediagram. Cast ironsarefurthermorerather chesp

theblast furnacd” areaso naturally richinsilicon. In-
deed, sincethereduction of layersof iron oreby first
CO/CO, gases* generated by the combustion of coke
inthebottom of the blast furnace— in the upper part of
this one (i.e. the indirect reduction, Fe" O ') —
Fe'O®9) followed by thedirect reduction of liquid
iron oxide in contact with the coke parts (present as
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layers alternated with the ore ones) according to
Fe'O&lid 5 Felicid) ' js gccompanied by the reduc-
tionof sllicatoo SO, — S°(silicacomingfromtheore
gangue) by the same carbon-rich species. Thanksto
the“clean” chemical compositions (i.e. almost no other
elementsthan Fe, Sl and C, at least in Significant quan-
tities) of thepigiron (cast ironresulting directly from
orereduction) piecesfabricated just downstream of the
blast furnace solidify according to the austenite-graph-
itediagramif thesolidificationisnot too fast. The so-
lidification microgtructureisthen composed of austen-
ite (pre-eutectic dendritesand eutectic, or only eutec-
tic) and graphite (eutectic or re-eutectic and eutectic),
depending on the position of theequiva ent carbon con-
tent { wt.%C + (Wt.%Si + wt.%P)/3} relative to the
eutectic value. If thesolid state cooling rateisitself not
too fast, the eutectoid solid statetransformetion of aus-
tenite near 800°C results in ferrite and additional graph-
ite. Without any treatment of theliquid meta prior to
pouring in mould and solidification, the shape of the
obtained graphiteislamellar (“flake graphite”). It is
coarseincaseof dow solidification or finer if solidifica
tionwasmorerapid and/or if inoculation of theliquid
metal was carried out before or during pouring. The
liquid metd may betreated by afirst desulfurization (e.g.
with Ca0) toremovethegreatest part of sulphur com-
ingfromtheiron or intheblast furnace, second by pow-
dered magnesium-rich FeSi aloy or by immersion of
blocksof puremagnesium, to purify (downtolessthan
at least 0.010 wt.%) theliquid iron in sulphur, oxygen
and other elements acting as poisons for spheroidal
growth of graphite. Findly, after inoculationwithaFeS
powder containing nuclei for graphite (and sometimes
rareearth  ements), thegraphiteparticlescrysalizeas
spheroidd®. Such graphite shape is much less detri-
mental for the mechanical properties of the obtained
cast ironsthanflakegraphiteand high strength and duc-
tility may be obtained. The overall mechanical proper-
tiesmay betheregfter rated by heat-trestmentsto modify
thematrix. For instance austenitization can be carried
out at about 1000°C, followed by either faster cooling
to obtainferritic-pearlitic or wholly pearlitic matrix, or
quenching (eventudly followed by ageing) for obtaining
bainitic matrix (austempered ductileiron) or marten-
gte

However, in some case of too low contents in
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“graphitizing” elements (e.g. Si) and/or local too fast
cooling (thin part of the pieces, edge. . .) solidification
may involvethetwo diagrams stable and metastable
together®, with asresult amicrostructure composed
of both graphite and of primary cementite. Since ce-
mentiteisdetrimental for thetoughnessof thecast iron
it may be compulsory to suppressit, by a heat-treat-
ment called “graphitization treatment”. This consists in
exposingthepiecea avery hightemperature (typicaly
1000°C) during several minutes to destabilize cement-
itewhich then transformsinto austenite and graphite.
When such heat-treatment isapplied, thisisgenerally
inthe atmosphere present insidethe plant, asisto say
air or moreor lesshumidified air. Oxidation phenom-
enanecessarily occursand sincenot alloyed cast iron
doesnot contain dementsasa uminiumor chromiumin
quantitieshighenoughtodlow it resstinghightempera-
ture oxidation®%, surface oxidationisrather fast since
Feformsnot stoi chiometric oxides contrarily toAl and
Cr. In contrast silicon, which isan element which may
form protective oxide scale over refractory materias
such asMoSi,, may have abeneficial effect for the
behaviour of castirons.

Inthissecond part it waswished to study the effect
of thedilicon content onthe high temperature oxidation
behaviour of agiven castironduring graphiti zation treet-
ment. For that, threeingots of cast iron with the same
microstructure fineness and the same Fe and C con-
tents, but displaying varied contentsin Si, weretested
inoxidation by air following athermd cycletypica of a
graphitization trestment.

EXPERIMENTAL

Thestudied cast irons

Threeingotsof castironwith 2.5, 3.0 and 3.5wt.%
S weredaborated inthefirst part of thiswork™. This
was achieved by high frequency induction heating in
argon atmosphere, by re-melting of partscutinasame
initia great ingot of spheroidal SG castironinorder to
add it supplementary silicon beforether re-solidifica
tion. Their as-cast microstructuresareremindedin Fg-
ure 1. They are of ahypo-eutectic composition (pres-
ence of austenite dendritesbecome pearlitic) and con-
tain, besidesthe eutectic cdlls, pearlite (lessfor higher
Si content) and freeferrite (morefor higher S content).
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Figure1: Micrographsillustrating the

as-cast microstructures of the reemelted t

etching, optical microscope); the Si content incr easesfrom theleft micrograph totheright one

Thehigh temperatureoxidation tests

Ineachingot severd partswerecut usingaBuehler
DeltaAbrasimet disc saw, in order to generate small
cubes of about 4mm x 4mm x 4mm. In each ingot a
samplewascut inthe“top” location, another one in the
“middle” location and the last one in the “bottom’ loca-
tion (Figure2).

The six faces of each of them were ground with
1200-grit SIC-papersal around, with special smooth-
ing of their twelve edgesand of their eight corners. They
wereprdiminarily weighed, then placedinthe hot zone
of atubular resistivefurnace (Carbolite, maximal tem-
perature: 1200°C) were they were heated at +20K
min?inlaboratory air until reaching 957°C, tempera-
ture at which they stood during 10 minutes (tempera-
ture and duration both typica of agraphitization treat-
ment). At theend of the 10 min-stage the furnace was
shut off and the sampl es, still inthemiddle of thefur-
nace, cooled dowly following an hyperbolictempera
turevariation|aw.

Metallography characterization after oxidation
test

The samplesissued from the oxidation testswere
first weighed again to cal culatethe massgain per sur-
face unit area. The oxidized surfaces of the samples
werethereafter analysed by X-Ray Diffraction (XRD)
using aPhilips X Pert Pro diffractometer, to specify the
naturesof theoxidesexternaly formed. Theresfter they
werecovered ontheir six facesby athin gold layer by
cathodic pulverization withaJEOL device, allowing
surface observation with aScanning ElectronsMicro-
scope JEOL JSM 6010 LA (SEM) in Secondary Elec-
trons (SE) mode. Now electrical conductive on sur-
facethe sampleswereall around covered with athick
layer of electrolytic nickel (2 hoursunder 50mA ina

& l

Figure2: Macrograph of half are-melted/r e-solidified ingot
with coloured arrows showing the “top”, “middle” and
“bottom” locations where the cubic samples were cut for the
oxidation tests

{NiSO,,6H,0+H,BO,} aqueoussolution heated at
50°C). The oxidized samples thus covered by a pro-
tectivelayer preventinglossof oxideduring cuttingand
grinding, werethereafter sawed intwo partsusingthe
disc saw mentioned above and embedded in acold
resn mixture (resnAraldite DBF + hardener HY 956,
Escil). Themounted sampleswere ground with SIC-
papersfrom 120to 1200 grade, under water from 120
up to 800-grit, and without any lubricant for the 1200
grit paper sincedry final grinding iscompulsory to pre-
servethe graphite nodul esfrom shape deterioration.
After anintermediate ultrasonic cleaning the samples
werefindly polished with textileenriched with 1pum hard
particles. Thematrixesof the sampleswere controlled
using an OlympusBX51 equipped with adigital cam-
era, after Nitd 4 etching (10 secondsof immersionina
96% ethanol - 4% nitric acid solution). The mounted
and polished sampleswereobserved usingthe SEM in
Back Scattered Electrons(BSE) mode. Thethicknesses
of the external scales were measured as well asthe
depth over which graphite disappeared from the oxi-
dationfront.
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Figure3: SEM/BSE macr ograph of cross-section metallogr aphic sample
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Figure4: SEM/SE micrograph of thesurfaceof an oxidized 3.0wt.% Si-containing SG cast iron sample(right: 2x enlarge-

ment of a part of theleft image)

Themacrograph presented in Figure 3illustrates
the metal lographic preparation withtheview of acut,
embedded and polished Ni-coated oxidized sample,
aswell asthe oxide scale and the graphite-free depth
al around the cross section.

Hardness tests

The hardness of the bulk of al the heat-treated
sampleswas specified. Vickersindentationswere car-
ried out on the mounted and polished samples, usinga
Testwell Wol pert gpparatus. Inal casesthegpplied load
was 10kg.

RESULTSAND DISCUSSION

Surface characterization of the oxidized state of
the samples

The SEM/SE micrograph displayedin Figure4l-

lustratesthemorphol ogy of theexternal oxidescaefor
oneof the oxidized samples, whilethediffractograms
presented in Figure 5, Figure 6 and Figure 7 demon-
stratesthat this oxide scal eisessentially composed of
haematite Fe,O,,

Cross-section char acterization of theoxidized state
of thesamples

The surface and sub-surface states of the samples
after oxidationtest areillustrated by SEM/BSE micro-
graphsin Figure 8. Onecan observetheexterna oxide
scaeinitswholethicknessand discover that thereisan
external part inthe sampleinwhich graphite hasobvi-
ously disappeared.

Theaveragethickness of theexterna oxidescae
and theaverage depth in which graphite has disappeared
were measured and theresultsaredisplayed in TABLE
1. One can seethat thesilicon content in the SG cast
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Figure5: XRD spectraacquired on the oxidized surface of a 2.5wt.% Si-containing SG cast iron; indexation showed that

Fe,0O,wasthesingleoxide present (red squares)
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Figure6: XRD spectraacquired on the oxidized surface of a 3.0wt.% Si-containing SG cast iron; indexation showed that

Fe, O, wasthesingleoxide present (red squares)

iron sampleseemshaving an effect on both parameters.
Indeed, the higher the silicon content, the thinner the
external oxidescale. In contrast the depth of the zone
inwhich graphite has disappeared does not show clear
evolutionwiththeS content.

To enrich thisevaluation of the dependence of the
high temperature oxidation behaviour it wasinitialy
wanted to cal culatethe difference between theinitial

massandthefind oneafter oxidaiontestsfor dl samples,
and for each of themto divideit by thetotal external
surface of the sampl e (surfaces measured/cal cul ated
beforethetests). Unfortunatdly, 10 minutesdid not lead
to mass change significant enough (for themicro-bal -
ance used) to alow thisdetermination.

Besides, thebulk microstructure was observed us-
ing theoptical microscope after having etched the pol-
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Figure7: XRD spectraacquired on theoxidized surface of a 3.5wt.% Si-containing SG cast ir on; indexation showed that

Fe, O, wasthesingleoxide present (red squares)
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Figure8: SEM/BSE micrographsillustrating the surface and sub-surface statesof the SG cast iron oxidized samples

ished cross section with the Nita solution. It appears
that thematrix wastotaly ferriticinal cases. Thehest-
ingto 957°C and the following 10 minutes stage were
thussufficent todiminateal theprimary carbideswhich
existedinitially after re-solidificationinthe HF induc-
tion furnace. The cooling down to room temperature
wasaso obvioudy dow enough to favour the{ ferrite,
graphite} eutectoid transformationinstead the pearlitic
one. Thereforeit wasunfortunately not possibletore-
ved theeffect of the St content on theferrite/pearlite

ratio after return to room temperature.
Hardnessresults

The harness measurementsled to thevauesdis-
playedinTABLE 2. Thevauesaredl much lower than
theinitial ones, what can beeasily explained by ama-
trix becometotally ferritic while pearliteand somepri-
mary carbideswere present before thethermal expo-
ure,

However onecan additiondly noticethat the aver-
age hardnesstendstoincrease with thesilicon content.
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TABLE 1: Theaverage valuesof thethickness of exter nal oxide and of the graphite-free depth

Silicon weight content
in the SG cast iron samples

Aver age oxide scale thickness (um)

Aver age graphite-free depth (um)

2.5wt.%S 24
3.0wt.%S 19
3.5wt.%S 20

70
60
65

TABLE 2: Hardnessvaluesobtained for the SG cast iron samples’ bulks after high temperature exposure

Silicon weight content in the SG cast L ocalization of the Values (Hv10kg)

iron samples indentations When as-cast After heat-
(reminded™) treatment

top 464 162

2.5wt.%S middle 488 151

bottom 525 151

top 450 156

3.0wt.%S middle 483 167

bottom 514 170

top 401 189

3.5wt.%S middle 478 187

bottom 336 186

Thisisdueto thewdlknown hardening effect of silicon
inferriticiron. Onecanfurthermoreremindthat toohigh
dlicon contentinaferriticironthrestensitsductility, by
risngitsductile-brittletrangition temperature. Thisone
can evenreach theambient temperaturefor too present
glicon (eg. 4-5wt.%).
General commentaries

Theapplied thermd cyclewasobvioudy very effi-
cient to suppress primary cementiteand pearliteinthe
SG castiron samples. It isfurthermore probabl e that
elther temperatureor duration, or both of them may be
lowered without changing theresult. In another field
the sampleswere significantly deteriorated by hot oxi-
dation, but not necessarily with propertiesdiminution
sincethemost remarkabl e effect wasthegraphiteloss
in sub-surface, asisto say thelocal replacement of a
ferritic SG castiron by aferriticsted, i.e. no difference
(except alocal refractoriness much improved!). Itis
truethat if the duration was much longer theiron con-
sumption by oxidation should be much more severe,
but obvioudy theapplied heet-treatment isaready over
dimensioned for what wasdemanded toiit. Even with
itsinitid content of 2.5wt.% sliconwaspresent inquan-
tity high enough to hel p destabilizing cementite during
the high temperature stage and to avoid pearlitic for-
mation during thecooling. But it isalso truethat this

cooling wasparticularly dow (in shut-off furnace) and
nor representative of the most encountered industrial
conditions. In addition, themicrostructure particul arly
fineresulting fromthefast solidification of thecastiron
partsin the copper crucible of the HF induction fur-
nace, ledtorather small cementiteparticles, finely struc-
tured pearlite (very finelamellae of cementite and fer-
rite) and high density of (finer) graphitenodules, which
all favour short distancesof diffusion. Suchresults(to-
tal disappearance of cementite disappearance and no
re-formation of pearliteat cooling) may benot so surely
obtained for the same chemical composition and ther-
mal cydleparametersfor coarser initid microstructures.

CONCLUSIONS

Thenew ferrite-pearlitic SG cast ironselaborated
withvariousslicon contentsinthefirg part of thiswork
werethusal successfully transformedinwholly ferritic
cast ironsby applying the heat-treatment in consider-
ation here. Themicrostructurefinenessresulting from
fast re-solidification was probl ably afavourable point
for that. Future heat-treatmentswith lower tempera-
ture and/or duration may be much better show the ef-
fect of the silicon content on the efficiency of these
modified heat-treatmentson the matrix, but not onthe
hot oxidation behaviour which wasalready not really
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detrimentd here.
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