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Abstract

High silicon ferritic spheroidal graphite cast isomave been developed for high temperature
service, in particular under thermal cycling comfis. The theoretical maximum service
temperature is defined as the upper limit of the-plkase ferrite+graphite domain, which
increases with the alloy silicon content. Whileti@ymal heat treatment close to this
temperature showed little evolution of the grapditgribution, thermal cycling led to a
significant coarsening of the graphite particlesoagted with dendritic overgrowth of the
large graphite particles. This unexpected behavihere observed and described for the first
time.
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Studies devoted to high temperature behaviourratitecast irons have been concerned with
oxidation resistance and mechanical propertiesa@sz silicon is known to increase both
oxidation resistance and the upper temperatureeoflbmain where ferrite is stable, high-
silicon spheroidal graphite cast irons (SGI) hagerbdeveloped since the 1980s [1,2]. These
alloys are used in many applications including ingdinder thermal cycling. Studies on the
effect of thermal cycling on tensile propertiest]3and on the thermomechanical behaviour
[5,6] of high silicon SGI have been carried outhwihaximum temperature up to 800°C which
is within the ferritic domain for the investigatatioys. These studies involved a limited
number of cycles and the only changes in microsirechat were reported concerned
oxidation of inclusions associated with the lassthidify areas and partial recrystallization of
ferrite for the highest maximum temperatures (758A@ 800°C).

Investigating the behaviour of high-silicon SGI wteibmitted to a much higher number of
thermal cycles is of interest as this may be mepeasentative of the actual life cycle of
industrial components. In order to do so, a mateaataining mainly 3.10 wt.% C, 4.45 wt.%
Si and also 0.0037 wt.% Sb (balance Fe) was seleBtfore casting, the melt was treated for
graphite spheroidization and inoculated as desgngveviously [7]. Metallographic
observation showed a fully ferritic matrix in th&-@ast state, with an even distribution of
graphite spheroids as seen in figure 1-a. The seirfiamber density of spheroids was 580
particles per mand the graphite fraction was about 0.1.

Two types of experiments were run on 10x20x2%eamples: isothermal heat treatment and
cyclic heat treatment. Isothermal heat treatmerst peaformed in a muffle furnace for 50
hours at 800°C. Thermal cycling was performed betwE00°C and 800°C in a dedicated
facility. In this facility, samples were hung tdalder which was cyclically introduced into a
furnace pre-heated to 800°C, and then withdrawm fitee furnace and fan-cooled before
being heated up again. One of the samples hadmadheuple welded onto it for continuous
control of the thermal cycles. The whole thermalleyuration was 480 s, including 360 s of
heating, 60 s of holding at 800+10°C and 60 s oling. Part of the samples were withdrawn
for analysis after 1000, 2000 and finally 3000 egclIThis latter number of cycles was
selected so that the time nominally spent at 8G0f&lild be 50 hours.

Metallographic observations and 2D image analysisevperformed on the bulk of the heat
treated specimens which was not affected by sudaktion and decarburization. Image
analysis was carried out to quantify the evolutdthe graphite volume fraction, particles
number density and size distribution. Particle sias evaluated using an equivalent diameter

D equal to4 G% where A and P are respectively the area and p&imof a particle.

Measurements were carried out on 10 micrograptentalong the centre of the sample
section and then averaged.

Figure 1-b shows that isothermal heat treatment masylt in a very slight coarsening of the
graphite spheroids which was better evidenced éyntimber density of graphite particles
(see below). In contrast, Figure 1-c shows thantiwostructure of the sample after 3000



cycles presents a marked coarsening of the grapaiteles which is associated with
morphological instability of the largest growingrpiees.

It was observed that the number density of grapgatécles decreased from 580 ffifior the
as-cast sample to 520 rifrfor the sample isothermally treated and to 4705897 for the
thermally cycled samples. These values confirmghtstoarsening process during isothermal
treatment, and a stronger effect of thermal cycling

The normalized size distributions of graphite des size obtained after isothermal holding
and after 1000, 2000 and 3000 cycles are compartktinitial distribution in the as-cast
material in Figure 2. The relative distributions foe heat-treated samples are all similar,
showing an increase in the number of 0-10 um ar8®@0m particles, and a decrease in the
number of the 10-20 um ones when compared to tHoastssample distribution. More
significantly, it is seen that thermal cycling lsad the increase in the number of particles
with equivalent diameter higher than 30 um. ltlsoalearly seen that the size of the largest
particles increased from 30-40 um in the as-casé $6 more than 60 pm after 3000 cycles.

Coarsening of graphite particles has been repantdte case of heat-treatment at a
temperature where austenite is stable but neven wWieematrix remains ferritic. In contrast to
the case of austenite, the carbon content in éegiassumed so low that such a phenomenon
has been generally considered as unexpected. Hoviretke present work, it was observed
that the apparent fraction of graphite measured@metallographic sections did
significantly increase with cycling from 0.1 in ths-cast state to 0.17 after 3000 cycles.
Measurements of the sample density showed a cdelecrease, from 6.9 g/tor the as-
cast sample to 6.8, 6.6 and finally 6.4 gicespectively after 1000, 2000 and 3000 cycles.
This correlation means that cavities developednduciycling which were considered as
graphite during image analysis because they hadame contrast on light optical
micrographs. In other words, graphite particlesghdly dissolve and carbon atoms were
transferred to other locations in relation to ceamsg.

In the present case, these cavities certainly dped first at the interface between graphite
precipitates and the matrix, but then evolved mtes left by the small spheroids being
dissolved during the coarsening process. Unforaipait was not possible to identify
unambiguously these cavities on metallographia@estas graphite particles may have also
spalled off during sample preparation. To evaltla¢eactual possibility for graphite to
dissolve during heat-treatment in the ferritic doméhe Fe-C isopleth section of the Fe-C-Si-
Mn phase diagram at 4.45 wt.% Si and 0.25 wt.% Ms drawn (Figure 3). It is seen that the
carbon content in ferrite increases above 700°@ghebout 0.012 wt.% at 800°C, while it is
virtually zero at 700°C and below. It can thus bajectured that this change in ferrite carbon
content between 700°C and 800°C is instrumenttdercoarsening process.

Figure 3 shows also that the lowest temperatutbeoferrite/austenite/graphite three-phase
field is 860°C, i.e. that a heat-treatment with@aimum temperature at 800°C should not
lead to the appearance of austenite. However, Beaaicro-segregation of silicon that has
developed during solidification could have triggepartial transformation of ferrite to
austenite, it appeared necessary to verify thae tivas no phase change in the studied



material during thermal cycling with an upper temgpare of 800°C. Differential thermal
analyses were thus run at 2, 5, 10 and 20°C/mangspplementary information). The
measured temperatures for the start of transfoomafpon heating, . and for the end of
transformation upon cooling,dak-r Were plotted versus the scanning rate. The values
extrapolated to a zero scanning rate are 860°C hpating and 840°C upon cooling, thus
confirming that there is no phase change duringhiaécycling when the maximum
temperature is set at 800°C.

The most intriguing observation made during thesgné work was the characteristics of the
protuberances developing on the largest spherbBigare 4 shows that after 2000 cycles they
assume a dendritic shape protruding from the Irdbanpact spheroids. The length of these
protuberances goes up to 30-40 um in figure 4.rAfGO0 cycles, it was observed that the
protuberances have just started to develop whiér 8000 cycles the coarsening process led
to a thickening of the dendritic protuberances Whatten joined each other. In this latter
case, areas of matrix were found isolated by gtaphrches"” very similar to those described
by Monchoux et al. [9]. Note that this latter studyolved heating in the austenitic domain,
while the present results demonstrate that graplssolution may take place without the
ferrite to austenite transformation of the matrix.

Some hints for understanding the growth phenomeoaid be gained by evaluating the
extent of graphite dissolution upon heating frommatemperature (RT) to 800°C. The carbon
balance can be written as:

p"" W =p? W [y° +p* T [° 1)

wherep™ andw? are the density and carbon content of the apdy,g® andw are,
respectively, the density, the volume fraction #melcarbon content of phagdg: graphite;
a: ferrite). This mass balance may be differentiated, after rearrangement using

dg® =-dg?, one gets:
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dg® = s
pY Owg —p® Ow¢

(2)

High temperature X-rays were conducted to evaltreehange in lattice parameter of ferrite
in the temperature range from RT to 800°C. The pgjoa coefficient was found equal to
1.5-10° °C*. Using the density of a cast iron containing 42%4 Si [10],p" was evaluated

at 7570 kg.n at RT. With the above expansion coefficient, tife density is evaluated as
7300 kg.nT at 800°C, and its average valpé between RT and 800°C could be set to 7435
kg.m*. The density of graphite® varies from 2262 kg.mat RT to 2221 kg.f at 800°C [11]
and its average valug®was set to 2240 kg.th From all these values, it can be concluded
that the first and last terms of the numeratohmright-hand side of equation (2) are
negligible. The average chanfyg’ between RT and 800°C may thus be approximated as:
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According to figure 3Awg was set at 0.012 wt.% and its average vaideat half of it. With

these values and the graphite fractg¥nset to 0.1, the change in graphite fraction upon
heating from RT to 800°C is abat® = - 3.6- 10" (- 3.6- 10°%). This change in graphite
fraction may be converted into the size of the fgamed in between the graphite spheroids
and the surrounding matrix upon heating from R8Q6°C. The 2D nodule countNgiven

above, may be converted to the volume nodule doym,, -2 E% [12], whereD, is the
m b,

average diameter of the spheroids as measurecdtDtlsection. With

™ \2
g’=N, B@ ,D, could be set to 15 um which gives A24600 mnit. The change in

graphite fraction can then be writtenAg® = N,, [4 (¥ (A, in which T and AF are,

respectively, the average radius and average chanmgdius of the graphite spheroids. This
change in radius gives the size of the gap fornedaden the outer surface of graphite
spheroids and the surrounding matrix when the uggreperature of 800°C is reached. By

inserting the value of\g® evaluated above, one gets a gap size of 2410

Though the above gap appears very small, it walilye@alized that if this value could
accumulate from one cycle to another it would symiau42 pm after 2000 cycles. As a

matter of fact, this latter value appears very kinto the length of the protuberances seen in
figure 4. This result thus suggests that the cadissolved during heating and holding at
800°C re-precipitated in preferred locations dugogling and not uniformly around the large
particles. On the largest particles, reiterating gnocess leads to the protuberances illustrated
in figure 4. Thermal cycling is thus essentialttoe development of these morphological
instabilities, and this explains why they could hate appeared during isothermal heat-
treatment.

Thermal cycling in the ferritic domain has beenwhdo dramatically decrease mechanical
properties of spheroidal high-silicon cast irong![8]. However, none of these previous
works reported a microstructure evolution as olesgtia the present work. In the case of the
works by Lin et al. [3,4] this was certainly dueth@ maximum temperature they considered,
either 700°C or 750°C, which may have been tooftavgraphite dissolution to take place. It
appears more surprising that Cheng et al. [5] anehyet al. [6] did not observe
microstructure changes similar to those detailed hs the highest temperature that they
investigated was also 800°C. This is probably beedliese authors were focused on the
areas damaged by thermomechanical cycling, butthikl as well be related to the very
rapid cycles that they used, which may not havergenough time for graphite dissolution in
the upper temperature range to occur.



Understanding the detailed mechanism leading tontbighological instabilities described
here is certainly worthy of further investigati@s, well as evaluating if they may play a role
in the decrease of the mechanical properties df ilgcon SGI under cyclic thermal loadings.
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Figure captions

Figure 1 — Optical micrographs of the alloy in #gecast state (a), after isothermal treatment
of 50 h at 800°C (b), and after 3000 thermal cy(tgs
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Figure 2 — variation of the normalized number disttion of 2D equivalent diameters of the
graphite particles after isothermal holding at &@hd after 1000, 2000 and 3000 thermal
cycles, as compared to the distribution in theas-material. The insert corresponds to a
zoom in the domain of particles larger than 30 praquivalent diameter. The maximum
observed standard deviation was +10% of the vdlow/s for any of the classes.
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Figure 3 — Isopleth Fe-C section of the Fe-C-Siyihase diagram at 4.45 wt.% Si and 0.25
wt.% Mn showing that ferrite (BCC_A2) is stable topa temperature of 860°C where
austenite (FCC_A1) appears. The calculations wexdenwith the Thermocalc software and
using the TCFES8 database [8].

Figure 4 — Optical micrograph (polarized light)dgndritic protuberances observed on the
sample having been submitted to 2000 thermal cy@les white dashed circle superimposed
on the nodule to the left defines the central carhpart of the nodule which is considered as
its original outer surface. The extensions ouhd tircle are thus the protuberances grown
during thermal cycling.



