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ABSTRACT

In thisfinal paper one summarized all the obtained results concerning the
“xM(1-x)FGS” cast irons (M=Ni, Co or pure Fe, x=0.25, 0.50 and 0.75), issued
fromthe previous articles of this series. Microstructures (graphite, matrix)
and mechanical properties (hardness, yield strength and hardening in
compression) are gathered to be analysed versusthe nature of the M element
at constant M content and versusthe M content at constant M nature. The
most established laws concern microstructure. Firstinterpretationsare given
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about the effects of Ni and Co on the graphite morphology and on the
matrix nature. Outlooks to deepen the understanding and enriching this
knowledge are proposed. © 2016 Trade Sciencelnc. - INDIA

INTRODUCTION

Castirons, first product obtained fromiron ore by
reduction of hematite in blast furnace may present
extremely various microstructureseven with simple
chemical compositions made of Fe, C and Si: white
cast irons, grey cast irons (with flake, vermicular or
spheroidd graphite, variousfinenessand distribution),
ferrite, ferrite-pearlite, pearlite (lamellar moreor less
fing, globular), high bainite, low bainite, martensite. . .I*
3. They may belessor more highly alloyed with other
elementsNi, Mo, Cr, P... to achieve specific sets of
properties. Some of these elements can be met in
particularly high amounts such as nickel*®. Some
dloyed cast ironsareableto beused a hightemperature

by exploiting their high temperature stability!®, high
thermal conductivity!, low thermal expansion
coefficient®9 or mechanical strength™ for example.
Many other alloyed cast irons may lead to interesting
mechanical propertiesat room temperature, whatever
themode of solicitation™", Wear resistance’®® as
well asresistance againgt oxidation and corrosion'?-2
are also propertiesthat some cast ironsmay bring, as
the chromium-contai ning versiong®2 for example.
Combination of wear and corrosonineroson-inducing
applicationd?” can bea so answered by cast irons.
Amongthehighly alloyed cast ironsthe Spheroidd
Graphite (SG) cast ironsplay aparticularly important
rolesincethey competewith aloyed steels. Nickd is
maybethemost frequent aloying eement which canbe
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met in alloyed cast-iron. In the series of articles
preceding this synthes zing-concl uding one, weexplore
thepossbilitiesof daboratinglessor morehighly dloyed
SG castiron by simplere-melting of apre-elaborated
SG cast iron by mixingit with mother Ni-carrier —and
also Co-carrier — synthetic cast iron by expecting to
benefit from the spheroidisation and inoculation
treatmentswhichwereinitialy applied toliquid metal
for obtainingtheorigind SG castiron (industria origin).
Thesedloyswered| microgtructurdly characterized and
some of their mechanical properties (compression,
hardness) specified. Theaim of the present final article
isto collect and gather the obtained resultsto extract
generd knowledge.

EXPERIMENTAL

Elaboration of thealloys

Onecanremind that thestudied castironsweredl
elaborated by melting together 30, 20 or 10g of the
industrial SG castiron (Fe-3.5C-2.5S +trace elements,
wt.%) and 10, 20 or 30g (respectively) of another
charge. This one was either amix of pure el ements
directly melted with the SG cast iron parts (1% protocol
[28]), or areal mother alloy of composition Ni-3.5C-
2.5Si or Co-3.5C-2.5Si (second protocol?).
Additiona castironsinwhich pure Fereplaced pure
Ni or pure Cowere also elaborated, for comparison.

Metallographic observations

After cutting for obtaining parts for the
metallography work and parallelepipeds for the
compression tests, the parts of the first type were
embedded inacold resin mixture, ground, polished until
mirror-like state of the sample surface, the observed.
Observation were done using an optical microscope
before and after etching by Nital4, and also using a
Scanning Electron Microscopein Back Scattered mode,
with its Energy Dispersion Spectrometry device to
control the obtained chemical compositions and to
specify thecomposition of matrix by spot anaysis.

Compression tests

An electromechanical uniaxial testing machine
equipped with compress on platenswas used to acquire
strain-stress curves in most cases beyond the yield
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strength and in rare casesuntil rupture.
Density estimation

Accurately weighed and dimensionally measured
thevolume mass of all the samples, before and after
compression, werecacul ated.

Har dnessmeasur ements

Themounted samplesand thenot mounted samples
deformed by compression were subjected to Vickers
indentation to vauether hardness.

RESULTSAND DISCUSSION

Thetargeted compositions of all the studied cast
ironsareremindedin TABLE 1 whileTABLE 2recdls
thedetallsof the charges prepared for the el aborations.

The genera microstructures of the obtained cast
ironsarereminded in Figure 1 for the “SONi5S0FGS”,
“50Co50FGS” and the control alloy “50Fe5S0FGS” by
optical micrographstaken of etched samples. theones
entitled ““1% protocol” were generally flake graphite cast
ironsathough that some degenerated spheroidscan be
seen in the “50Co50FGS” cast iron and in the
“50Fe50FGS” one, only for the second protocol.
Concerning matrix the one of the*“50Ni5S0FGS” cast
ironismetallic (probably austenitic thanksto the high
contentin Ni). Theoneof the*“50Co50FGS” cast iron
seemsessentially ferritic despite some pearlitic areas
aredsopresent. The*“50FeS0FGS” is rich in ledeburite,
consequenceof thefdl of solidificationinthemetastable
austenite-cementite phasediagram.

TABLE 1: Reminder of thetar geted chemical compositions

Alloys Fe Co Ni cC S
M = Feadloys

« NiFe» 47 / 47 35 25

« CoFe » 47 47 / 35 25

« FeFe» 47+47 / / 35 25

M = 1/3 Fedloys
« 25Ni75FGS » 70.5 / 235 35 25
« 25Co75FGS » 70.5 235 / 35 25
« 25Fe75FGS »  23.5+70.5 / / 35 25
M = 3 Fe aloys

« T5Fe25FGS » 235 / 705 35 25
« 75C025FGS » 235 70.5 / 35 25
« 7T5Fe25FGS »  70.5+23.5 / / 35 25
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TABLE 2: Reminder of theprepared char gesbeforemelting

Alloys FGS Ni Fe Co C Si
M = Fealoys

«NiFe» 20.120 18.797 / / 0.693 0.507

« CoFe » 20.186 / / 18.802 0.701 0.519

« FeFe » 20.260 / 18.670 / 0.740 0.520

M = 1/3 Fe dloys
« 25Ni75FGS » 30.145 9.420 / / 0.341 0.25
« 25Co75FGS » 30.089 / / 9.40 0.35 0.27
« 25Fe75FGS » 30.123 / 9.413 / 0.340 0.247
M =3 Fealloys

« 7T5Fe25FGS » 10.149 28.260 / / 1.05 0.75
« 75C025FGS » 10.330 / / 28.215 1.055 0.759
« 7T5Fe25FGS » 10.40 / 28.30 / 1.059 0.753
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Figurel: Microstructuresof the“50M50FGS” cast irons (optical micrographs after Nital etching)

The optical micrographs presented in TABLE 2
remind the microstructuresof thethree“25M75FGS”
castironsafter Nita etching. Graphiteisglobally (but
more or less depending on the added el ement, Ni, Co
or Fe) spheroidal. Pearlite is very present in the
“25Co075FGS” cast iron (much than for 50wt.%Co)
andalittlepearlite(?) ispresentinthe“25Ni75FGS cast
iron (total ly absent when 50wt.%Ni).

The “25Fe75FGS” cast iron looks like hypo-
eutectic white cast iron however with some graphite
nodules.

Themicrogtructuresof the“75M25FGS” cast irons
arerecalled in Figure 3. The matrix seem being not
etched by Nital (the“75Fe25FGS” too) and graphite
isessentially lamellar. Among the numerous graphite
lamellae somerareisol ated degenerated graphitenodules
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Figure3: Microstructuresof the“75M25FGS” cast irons (optical micrographs after Nital etching)
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Figure4: Hardnessof theninecast ironsin theas-cast sate (left) and in theplastically compr essed state (right)

or coarse graphite platesarea so present.

Theindentationresultsaregraphicdly giveninFgure
4. Onecan seethat, globally, the*“xFeyFGS” cast irons
arethehardest dloysinall cases, thisbeing attributed
tothegenera presenceof ledeburite, athoughthat this
compounds was not revealed by Nital in the
“75Fe25FGS” cast iron. In all cases again, the
“xNiyFGS” cast irons were the softest ones, this being
due to the intrinsic relative softness of nickel by
comparison to cobalt and to iron aloys containing
carbidesinggnificant part.

Thestrain-stresscurves, the e astic part of which
hasbeen removed, are gathered by the nature of theM
element inthe“xMyFGS” cast irons (Figure 5). This
graphically showsthat theincreasein Ni led to higher

yield stresswhilethe conclusionsareunfortunately not
so clear concerning the effects of the additionin Co
and in pure Fe: theresults(yield strength, hardening)
arerather scattered without monotonousrelation with
the addition of Coand pureFe.

General commentaries

The previous observations and results are
summarized in TABLE 3, in which one can observe
that the graphitetypeisclearly dependent on the content
inadd M eement: thehigher thisoneis, thelessnodular
graphiteis. Thetransition spheroidal ’! lamellar occurs
sooner for nickel than for cobalt, and sooner for cobalt
sooner than for iron. Since, for the same elaboration
protocol, graphitewasredly nodular ineth “xFeyFGS”
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déformation en compression strain (%)
Figure5: Effect of thecontentsin M dement (added accor dingto theprotocol 2) on theplastic part of thecompresson strain-
stresscurves(elastic part removed)
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TABLE 3: Synthesisof all themicrostructureand mechanical propertiesresults

M Graph/MATRIX 25M 75FGS 50M 50FGS 75M 25FGS
graphite NODULAR Lamel:;z:lgates+ Nodules + lamellae + plates
Almost changed by Nital Not changed by Nital . )
Ni MATRIX etching etching Not changed by Nital etching
Hardness (Hv10kg) 77 6 115 +1 44 +2
Yield strength "
(MPa) 225 208 311
graphite NODULAR Rosettes + some nodules Rosettes + some nodules
Ferrite-Pearlite Ferrite-Pearlite . .
Co MATRIX (« Bull’s eyes ») (« Bull’s eyes ») Not changed by Nital etching
Hardness (Hv10kg) 159 45 171 +£21 58 +8
Yield strength "
(MPa) 772 225 539
graphite NODULAR NODULAR Small nodules + very short
lamellae
Fe MATRIX Ledeburite and Pearlite Ledeburite and Perlite Not changed by Nital etching
Hardness (Hv10kg) 157 +7 633+116 100 +2
Yield strength "
(MPa) 1405 658 763

(*: compression results obtained for the cast irons of the same compositions but issued from thefirst protocole, asisto say with

lamellar graphite)
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cast iron at least until x reaches 50%, it seems that
graphite tendsto be degenerated by Co and by Ni one
canthink that thesedementsdightly actsaspoisonsfor
spheroida graphite, but much lessstronger than sulphur:
about 50 wt.% of Co and between 25 and 50 wt.% of
Ni deteriorate spheroida graphite much lessthan 0.01
wit.% of sulphur.

Concerningthematrix, it wasclear that substituting
25wt.%Ni or 25wt.%Co or more to Fe leads to a
solidification in the austenite-graphite stable Fe-C
diagram, differently to what occurred, for the same
thermal conditionsof cooling, for the*“xFeyFGS” cast
ironswhichled to many ledeburite. With 25wt.%Ni or
more, thematrix probably remainsaugtenitic, influenced
by theface centred cubic structure of purenickd, which
did not know eutectoid transformation when rapid
coolingtolow temperatures. In contrast, cobat did not
obstruct the eutectoid transformation into pearlite.
Seemingly only 75wt.%Co favoured the stability of a
metalicmatrix.

Concerning the effect of the family type on the
mechanical propertiesit seemsthat globally Coleads
to higher hardness and higher yield strength than Ni,
thisbeing partly dueto theferrite-pearlitic structure that
Ni obstructed (’! rather soft matrix) while Co did not
dothat (’! rather hard matrix). Beside this indirect effect
of Cothereisobviously also adirect effect sincethe
75C025FGS cast iron (metallic matrix) isharder than
the 75Ni 25FGS one (metal lic matrix too). It was not
possibleto also comparewith iron since, at least the
25Fe75FGS and 50Fe50FGS cast irons, aredrastically
harder and stiff because of theledeburitethey contain.

In contrast, unfortunately, concerning the
dependence of the mechanical properties (hardness,
yield strength, hardening) on the content of the added
element, theresultsaretoo scattered to giveany rule.
Worse, the variationsare not monotonous. Additional
work must be doneto hoperevealing clear dependence.

CONCLUSION

Inthisfina paper, onetook againdl theresultsand
gathered/classified them. Thereare someeffectsof the
presenceof nickel or cobalt in so high contentson both
microstructures and sel ected mechanicd properties. If
theinfluences on microstructure were globally well

identified, thisistotaly not the casefor themechanical
properties. It will be possible in additional work to
prepare new “xM(1-x)FGS” alloys with many
intermediate values of x, between 0 and 25 wt.%, 25
and 50wt.%, 50 and 75wt.%, to obtain much more
points to more clearly revealing possible effects.
Second, one can think applying graphitization and
ferritization heat-treatment to the““xFe(1-x)FGS” cast
alloys and to the “xCo(1-x)FGS” cast alloys,
respectively, to accessto theintring ¢ contributions of
metalicmatrix, without any interferenceor cheatingwith/
by ledeburiteor pearlite. Thiscan beenvisaged to better
understand the effects of Ni and Co, for an extension
of thiswork.

REFERENCES

[1]
[2]
[3]

J.C.Morrison; Giesserei-Praxis, 12, 483 (1998).

J.R.Davis; Cast Irons, ASM International, (1996).

M.Durand-Charre; Microstructure of Steels and

Cast Irons— Engineering Materials and Processes,

Springer-Verlag, Berlin Heidelberg New York,

(2004).

K.Yamamoto, M.Hashimoto, N.Sasaguri,

Y.Matsubara; Metarials Transactions, 50(9), 2253

(2009).

D.Meng, J.Xu, FFei, J.Gao, A.Zhu; Zhuzao Jishu,

32(8), 1081 (2012).

Y.A.Shhchepochking; Patent RU 2013-146946,

(2013).

M.Wojtasik, T.Rybka, E.Wojciechowski,

R.Zawodny; Patent, PL1977-198604, (1977).

[8] S.Hatano, T.Matsuda, H.Cho; Patent JP1987-

217480, (1987).

[9] EN.Pan,M.S.Lin,JH.Lao, K.Y.Liao; Transactions
of the American Foundry Society, 111, 961 (2003).

[10] Y.A.Shchepochking; Patent, RU 2014-139363,
(2014).

[11] W.Thury, R.Hummer, E.Nechtelberger; Giesserei-
Praxis, 15, 273 (1967).

[12] GA.Kosnikov, B.S.Krylov, A.A.Usol’tsev; Patent,
SU 1987-4256758, (1987).

[13] Y.A.Shchepochking; Patent, RU 2009-138655,
(2009).

[14] M.M.Rashidi, M.H.ldris; Materials Science and
Engineering A: Strctural Materials: Properties,
Microstructures and Processing, 597, 395 (2014).

[15] Y.A.Shhchepochkina; Patent RU 2014-113929,

(2014).

[4]

[5]
[6]
[7]

Au Tudian Yourual



MSAIJ, 14(11) 2016

Patrice Berthod et al.

455

[16] K.Yang, L.Sun, Y.Z.Liu, H.Y.Fan; International
Journal of Minerals, Metallurgy and Materials,
22(6), 598 (2015).

[17] FAlabbasian, S.M.A.Boutorabi, S.Kheirandish;
Materials Science and Engineering A: Strctural
Materials: Properties, Microstructures and
Processing, 651, 467 (2016).

[18] H.Osada, M.Kaneta, K.Okada, A.lshiyama;
Toraiborojisuto, 51(9), 676 (2006).

[19] Y.Z.Liu, L.L.Sun, C.A.Li, J.Xiong, Y.F.Wang;
Zhongnan Daxue X uebao, Ziran Kexueban, 43(10),
3826 (2012).

[20] V.A.Alov, M.l.Karpenko, O.M.Eparkhin,
A.N.Popkov, L.PRazmolodin; Patent, RU 2013-
135975, (2013).

[21] GHuang; Fushi Yu, Fanghu, 22(9), 384 (2001).

—== Pyl Paper

[22] X.Hu, ZWang, K.Huang, F.Li, PLi; Patent, CN
2010-10177246, (2010).

[23] C.Zhou; Patent, CN 2015-10341175, (2015).

[24] N.A.Aleksandrov, N.S.Gushchin; Metal Science
and Heat Tratment, 48(7-8), 287 (2006).

[25] A.A.Tahirov, N.S.Gushchin; Liteinoe Proizvodstvo,
12, 2 (2012).

[26] W.H.Jiang, J.P.Zou, Q.Z.Cai, S.F.Yang, Z.Y.Fu,
W.Z.Zhao; Xiandai Zhutie, 34(1), 57 (2014).

[27] J.Xie, A.Wang, W.Wang, L.Li; Applied Mechanics
and Materias, 117-119(part2), 1084 (2012).

[28] K.Meridja, P.Berthod, E.Conrath; Materials
Science: An Indian Journal, 14(4), 130 (2016).

[29] K.Meridja, P.Berthod, E.Conrath; Materials
Science: An Indian Journal, 14(4), 139 (2016).

— Pt icly Science
ﬂaVMnW



