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ABSTRACT

Several properties of cast irons may depend on the temperature history as
some physical and mechanical ones. In this work the evolutions of
microstructure, volume mass, compression properties and hardness
resulting from different heat-treatment and cooling conditions were studied
for a same initial spheroidal cast iron. Samples cut in a same ingot were
subjected to austenitization then cooling at very different rates, eventually
followed by medium temperature stage. Some of them were additionally
compressed until reaching 800 to 1000 GPa. Their microstructure, volume

KEYWORDS

Spheroidal graphite cast
iron;
Silicon;

Heat treatment;
Microstructure;
Volume mass;
Compression properties;
Hardness.

mass, plastic deformation amount and hardness were characterized and
compared to analyse the effects of thermal treatment and hardening in
compression on the microstructure, hardness and density.
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INTRODUCTION

Cast irond* 2 are iron-carbon aloys especialy
easy to shape by foundry, thanks to a melting tem-
perature range rather low (by comparison to steels)
allowing a good castability. The binary Fe-C dia-
gramg® shows that a carbon content of about 4-4.5
wt.% lowersthe melting point from 1535°C for pure
Fedownto 1153°C in the stable diagram (austenite-
graphite) and 1147°C in the metastable diagram (aus-
tenite-cementite). Cast irons poured in moulds di-
rectly after exiting the bottom part of the blast fur-
nace“® additionally contain silicon (for example 2.5
wt.%), but no other element in significant quantity.

This“clean” chemical composition of the “pig iron”
(i.e. cast iron resulting directly from ore reduction)
allows the cast pieces solidifying according to the
stablediagram if the cooling rateisnot too fast. The
obtai ned microstructureisthus constituted of auste-
nite (pre-eutectic dendrites and eutectic, or only eu-
tectic) and graphite (eutectic or re-eutectic and eu-
tectic), thisdepending on the value of the equivalent
carbon content {wt.%C + (wt.%S + wt.%P)/3},
more precisely its position by regards to the eutec-
tic composition. Solid state transformations near
800°C may be the eutectoid one of austenite results
in ferrite and additional graphite if the solid state
cooling rate is low enough, ferritic-pearlitic and
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even pearlitic if cooling is faster. Bainitic or mar-
tensitic transformations may also partly or totally
occur when the pieceis cooled very rapidly or wa-
ter-quenched.

Without any treatment of the liquid metal prior
to moulding, the shape of the structure of graphiteis
lamellar (“flake graphite”), coarse if solidification
rateis low and fine if it is more rapid and/or if the
liquid metal was inoculated before or during pour-
ing. Other possible liquid metal treatments are des-
ulfurization (e.g. with CaO) applied to purify the
melt from the sulphur introduced with theiron orein
the bl ast furnace, and spheroidization by adding Mg-
rich FeSi alloy intheform of powders or by immer-
sion of Mg blocks to diminish the liquid iron con-
tentsin poison elements (S, O... down to less than
at least 0.01 wt.%). After final inoculation with a
FeSi powder containing nuclei for graphite (and
sometimesrare earth e ements), thegraphite particles
crystallize as nodules (“spheroidal graphite),

Nodular graphite alows obtaining higher me-
chanical properties than flake graphite, with better
strength and ductility. The mechanical propertiesmay
be thereafter rated by heat-treatments aiming to
modify the matrix. Austenitization at about 1000°C
maly be envisaged to reinitiate the matrix before ap-
plying either afaster cooling than previously to pro-
mote ferritic-pearlitic or wholly pearlitic transfor-
mation of the matrix, or quenching for obtaining
bainitic matrix (austempered ductile iron) or mar-
tensite (which can be thereafter partly softened by
an ageing heat treatment). Thus, even in the single
graphite-contai ning type of cast irons, many micro-
structures may be obtained!™1,

So various microstructures of cast iron may lead
to various densities, physical property which can be
furthermore aso influenced by permanent deforma-
tion achieved by applying stresses intense enough
which may induce plastic deformation of the matrix
and compressing graphite. Thisistheaim of thiswork
to achieve different matrixes from asame spheroidal
graphite cast iron and to deform the obtained samples,
for studying first the variations of their volume mass
versusthe applied heat and/or mechanical treatments,
aswedll astherecorded compress on mechanica prop-
ertiesand the hardnessin the different states.
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EXPERIMENTAL

Theinitial material and preparation of samples
to be heat-treated

An ingot of about 5cm x Scm x 10cm of sphe-
roidal graphite cast iron was available in the labo-
ratory. The observation of its microstructure, illus-
trated (Figure 1) by an optical micrograph after
Nital4 (96%.vol ethanol — 4%.vol HNO,) etching
shows that this ingot was made of a SG cast iron,
containing nodul ar graphite but also primary cement-
ite and pearlite.

Its chemical composition was determined by
Energy Dispersion Spectrometry using a Scanning
Electron Microscope (SEM) JEOL JSM 6010LA: it
is composed of principaly iron, carbon (not mea-
surable with this technique) and of 2.53 wt.% of
silicon.

This ingot was cut, using a precision metallo-
graphic saw, in order to obtained several cubes
which werethereafter ground with SIC papersfrom
240-grit up to 1200-grit by keeping their cubic ge-
ometries (no smoothing of their edges and corners).

Thedifferent applied heat-treatments

Thereafter a cube was placed in a small resis-

Figure 1 : Micrograph illustrating the as-cast micro-
structures of the re-melted then re-solidified cast irons
(Nital 4 etching, optical microscope); the Si content in-
creases from the left micrograph to the right one
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tivetubular furnace (Carbolite, MTF 12/38/250, T
=1200°C) in which it was heated up to 900°C, tem-
perature at which it was maintained during one hour
to achievetotal austenitization, before slowly cool-
ing in the shutdown closed furnace.

Three other cubes were heated in the same fur-
nace and underwent the sameisothermal stage. One
of these three ones was fast exited and it cooled in
the laboratory air. The two other ones were instan-
taneously gected and fell in room temperature wa-
ter. One of them waskept in thisquenched statewhile
the other one was annealed by a heat treatment
achieved in the same furnace but at 350°C only for
30 minutes before exiting for coolingin air.

All cubes were ground again (papers 600 then
1200) in order to removethe oxidation affected zone
from the six faces again by keeping a perfect cubic
geometry.

Volumemassdeter mination

The geometriesand dimensions of thefour heat-
treated sampleswere then controlled and measured
with accuracy (geometry really cubic) while their
masses were measured using a precision (£0.1mg)
micro-balance, and their volume mass (densities)
calculated. Thereafter the four cubes were each cut
in two paralelepiped parts: afirst one was kept in
it present state (“before compression” or “not de-
formed”) while the second one was subjected to elas-
tic then plastic compressive deformation (“after com-
pression” or “deformed”).

The compression tests

The partsdevoted to the compression testswere
compressed using aM TS Alliance RF150 traction/
compression/flexion electromechanical machine
(force capacity: 150kN) equipped with two platens
and aforce cell (capacity: 150kN too), driven using
aDELL Latitude D505 portable computer support-
ing the MTS Testworks 4 software. All compres-
sionrunswererealized at arate of 1mm per minute
(but less than this value near the end of the tests)
until reaching about 80kN. The deformed samples
were thereafter ground with 1200-grit SiC papers
and their new dimensions (thickness notably) mea-
sured again (electronic calliper). The plastic defor-
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mation rates were calculated from theinitial and fi-
nal thicknesses measured again with the electronic
caliper. The two other sides were also measured
again to value the new volume masses.

Microstructurecontrol

After ultrasonic cleaning one of the six faces of
each sample (not deformed or compressed) wasthen
polished using textile disk sprayed with 1um-hard
particles containing solvent, after having smoothed
the four surrounding edges and the four correspond-
ing corners with 1200-grit SIC paper. The micro-
structures were observed using an optical micro-
scope Olympus BX51, equipped with a ToupCam
digital cameramanaged by the ToupView software,
without etching to examinethe graphite particlesand
after Nital etching (Nital4) to know the matrix na-
ture. Theinitial microstructureswerethus specified
and the consequences of compression examined.

M acr o-har dness measur ements

Vickers indentations were performed using a
Testwell Wolpert testing machine, under aload of
30kg. Three indentations per samples led to an av-
erage value and a standard deviation one.

RESULTSAND DISCUSSION

Microstructuresof the heat-treated samples

Themicrostructures of thetwo samplescooledin
furnace and in air after austenitization areillustrated
by optical micrographsin Figure 2. One can seethe
nodular graphitein the not etched samples (partly de-
teriorate by grinding athough that this was done in
dry conditions (no water as lubricant). Nital etching
allowed seeing that the microstructureis mainly fer-
ritic (ferritein white) but also contains some pearlite
(grey) in the sample cooled in the furnace while the
microstructure of theair-cooled sampleismainly com-
posed of pearlite although ferriteisalso visible. The
microstructures of the two other samples, the water-
guenched one and the quenched then annealed one
areshowninFigure3. Graphiteisaso globally nodu-
lar and the metallic matrix is martensitic. One can
notice that some graphite spheroids seem hollow in
their centre: it is possible that grinding did not re-
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Slow cooling Fast cooling

Ferrite (+ pearlite) Pearlite (+ ferrite)
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Figure 2 : Graphite structure (without etching, top) and matrix (after Nital etching, bottom) of the slowly cooled
sample and of the rapidly cooled sample, (after grinding and polishing of one face of each heat-treated cube)

Water-quenching W.-q. & annealing

o owy

‘g e i‘ )

- : L

payaa 10N

pPayda-|enN

"

Martensite Softened martensite

—— 460 um

Figure 3 : Graphite structure (without etching, top) and matrix (after Nital etching, bottom) of the water-quenched
sample and of the quenched then annealed sample, (after grinding and polishing of one face of each heat-treated

cube)
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move the whol e oxidation-affected zoneand locally
spherical cavities quitted by graphite oxidized into
gases may be oxidized, with as result the existence
of an oxidized internal surface (iron oxide grey too)
instead nodular graphite.

Compression curves

Thefour { stressversusdeformation} curvesare
displayed together in the graph presented in Figure
4. One can seethat the higher stiffness (slope of the
elastic part of the curve, characterized by aYoung’s
modulus) is the one of the pearlitic SG cast iron
issued from air-quenching (1). Before reaching about
1GPa (for about 80kN applied) the plastic part of
the deformation is still very low.

Thisis also the case of the martensitic SG cast-
iron resulting from water-quenching (2). Thisoneis
less stiff than the pearlitic one while post-quench-
ing annealing slightly decreasesaagain stiffness (3).
Theleast stiff SGiron isthe amost ferritic SG cast
iron slowly cooled in closed shut-down furnace (4)
the plastic deformation before reaching about 80kN
isthe greatest among the four compressed samples.

1200

i
/S "

—FGS almost pearlitic (1)

1000

compression stress (MPa)

—FGS martensitic (2)

——FGS quench annea (3)
FGS almost ferritic (4)

20 30 40
deformation (%)

Figure4: Thefour o =f(g) compression curves

Plastic defor mationsachieved

The samples were accurately measured before
and after compression. Theresults are presented in
TABLE 1 as well as the resulting relative plastic
permanent deformations. One can seethat the higher
permanent deformation isthe one of the almost fer-
ritic sample (-16%)but the almost pearlitic one is
also significantly plastically deformed (-13%). The
two water-quenched (annealed or not) samples are
not plastically deformed (theresults, curiously posi-
tive, arein the error interval).

Volumemasses

The volume masses of the four not compressed
samplesand of their homologues after compression
are graphically presented in Figure 5. One can see
first (Figure 5 top) that the volume massis signifi-
cantly higher for the ferrite-pearlitic matrixes than
for the two martensitic ones which are obviously
much lessdense (Figure5,A). Evenitisnot signifi-
cant regarding the evol ution amplitudes by compari-
son to the error bars (standard deviation from four
values) it seems that a more pearlitic structure may
favour a dlightly higher density while annealing of
martensite also seems inducing aslight increasein
density.

Microstructuresafter compression

The samples were metallographically observed
again after compression. The optical micrographs
acquired before and after Nital etching, are pre-
sented, together with ones taken in the cube centre
before compression for comparison, in Figure 6 for
the amost ferritic sample, Figure 7 for the almost
pearlitic sample, Figure 8 for the martensitic sample
and Figure 9 for the annealed martensitic sample.

One can see that, in each case, no microstruc-
ture consequence of compression can be detected.

Hardness
Three Vickers indentations under 30kg were

TABLE 1 : Thicknesses of the four samples before and after compression; corresponding relative plastic defor ma-

tions
Matrix Ferrite Pearlite Martensite Annealed
Average thickness before compression test (mm) 47475 5.115 4,9925 5.3525
Average thickness & ter compression test (mm) 4.005 4.445 5.075 54275
Permanent def ormation (%) -15.6 -131 17 14
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realized on all samples, with in each case the deter-
mination of an average value and a standard devia-
tion one. The obtained results are graphically pre-
sented in Figure 10. Thehardnesslogically increases
from the amost ferritic sample to the almost pearl-
itic one, and from the second one to the martensitic
sample. Annealing of thelater inducesalimited but
significant softening. The values preliminary ob-
tained on ground and polished surfaces before cut-
ting are globally the lowest ones since because the
high temperature oxidation occurred during the
austenitization stage which impoverished alittlethe
subsurface of the samples. Concerning theindenta-
tion results on the centres of the samples (after cut-
ting), the plastic deformation resulted in a signifi-
cant hardening only for the amost ferritic sample
while not so important effect was observed for the
almost pearlitic sample. Curioudly the consequences
seemed to be inverse for the two martensitic struc-
tures.

General commentaries

All these samples issued from the same initial
ingot, thus presenting the same chemica composi-
tion and the same graphite characteristics, thus con-
stituted of the same spheroidal graphite cast iron,
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Plastically compressed

ALMOST FERRITIC SG CAST IRON
(austenized then slowly cooled)
Figure 6 : Graphite structure (without etching, top) and matrix (after Nital etching, bottom) of the sample slowly

cooled after austenitization (centre of the cube)
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Before compression
ALMOST PEARLITIC SG CAST IRON
(austenized then rapidly cooled)

Figure 7 : Graphite structure (without etching, top) and matrix (after Nital etching, bottom) of the sample rapidly
cooled after austenitization (centre of the cube)

Before compressron .,
MARTENSITIC SG CAST IRON
(austenized then water-quenched)

Figure 8 : Graphite structure (without etching, top) and matrix (after Nital etching, bottom) of the sample water-
guenched after austenitization (centre of the cube)

were subjected to four different heat treatments to
modify their matrix. Theinitial carbideand pearlite
areas disappeared during the high temperature
austenitization stage and the cooling conditions led
to different matrixes. The mgjor differences obtained
concerned logically the hardness (ferritic stucture
particularly soft, pearlitic structure significantly
harder, martensitic structure much harder than the
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previous ones, softening effect of the annealing of
martensite) but also the densities. Thea most pearl-
itic sample was a little denser than the almost fer-
ritic onewhile, which can be explained by agreater
part of carbon involved in dense cementite carbides
inside pearlite and less carbon in not dense graph-
ite. The displacive transformation leading to mar-
tensite inversely led to less dense structure, but an-
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QUENCHED THEN ANNEALED SG CAST IRON
(austenized , water-quenched then annealed)

Figure 9 : Graphite structure (without etching, top) and matrix (after Nital etching, bottom) of the sample water-
guenched after austenitization and annealed (centre of the cube)
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Figure 10 : Hardness in the centres of the samples versus matrix and deformation

nealing, which destabilized a little martensite, in-
duced alimited return to equilibrium structureswith
as consequence anincreasein density. One also saw
that stiffness was qualitatively the highest for the
carbide-reach pearlitic sample than for the other
samples, and even than for the two quenched struc-
tures. Annealing induced a slight decrease in stiff-
ness for the water-quenched sample and the ferritic
sample was unsurprisingly the less stiff one. These
qualitativeinformations cannot be enriched by quan-
titative data since no extensometer was available

for accurately measure sampl e contraction.

The deformation during the compression tests
were essentially el astic and then no permanent but a
significant part of plastic deformation was obtained
for the same maximal applied load (about 80kN for
all compression tests) for the two ferrite-pearlitic
samplesonly. Except when ferritewas significantly
present in the structure these deformation did not
really hardenthematerial. Seemingly the microstruc-
tureswere never changed by these compression runs,
even when a significant plastic deformation was
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added to the elastic one. Notably the very weak
graphite nodules seemed not deteriorated, although
that one possibly thought that they were especially
deformed during the tests. It is possible that they
behaveonly eastically, with asresult an not changed
shape when the load was no longer applied.

CONCLUSIONS

Thus, after having generated different microstruc-
turesfromthe sameinitial material (identical chemi-
cal composition and nodul e counts) and applied dif-
ferent compression rates for a given maximal load,
the classical results were found again, concerning
stiffness, hardness or plastic deformation amounts.
Conseguences were also revealed concerning less
classical characteristics such as volume mass. The
particular behaviour during compression of the
graphite nodules was al so observed. This may be of
importancefor the use of heat-treated SG cast irons.
Work extension will now concernimpact on the cor-
rosion behaviour for example. Thiswill be matter
of futurework.
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