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ABSTRACT

In many industrial domains, compact graphite cast irons are developing rapidly at the
expense of lamellar graphite irons. The formation of the microstructure, especially
graphite shape, during the solidification stage of these alloys is however still not
clearly understood, showing characteristics similar to both lamellar and spheroidal
graphite irons. The aim of this work was to provide quantitative information on the
solidification of compact graphite cast irons, whether inoculated or not, by thermal
analysis in the foundry shop. This includes the effect of the amount of nodularizer on
the undercooling before solidification starts and the amount of recalescence when
the bulk eutectic solidification sets up. Comparing quantitative analysis of the as-cast
microstructure with the characteristics of the cooling curves gives hints to a better
understanding of the microstructure formation in compact graphite irons. This work
thus provides a set of quantitative data necessary to verify the relevance of any
solidification modelling approach for compact graphite cast iron. On a practical point
of view, it suggests that thermal analysis could certainly be a useful means for control
of melt preparation for CGIl casting by adding very low level of inoculant in the

standard thermal analysis cups.
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1. INTRODUCTION

Compared to lamellar graphite cast irons (LGI), compact graphite cast irons (CGI)
have improved properties and are replacing them for more and more components [1].
As for other cast irons, alloying allows fine tuning of the final mechanical properties
[2] mainly by modifying the matrix microstructure. Bazdar et al. [3] showed that these
mechanical properties depend also on the so-called compactness of graphite
particles which they changed by sulfur addition. Nevertheless, the satisfactory
production of CGI is somewhat difficult because the desired graphite distribution, i.e.
a mixture of compact and spheroidal particles, is very sensitive to various process
parameters. The cooling rate becomes prevalent in thin walled casting as
investigated by Charoenvilaisiri et al. [4]. Also, chemical composition, and in
particular the presence of minor elements such as Al, S and Ti, [5-7] affects the
compactness as does also the inoculation level [8]. The need for a definition of a
simple testing procedure ensuring low nodularity and maximum compactness is
hampered by the fact that a clear understanding of compact graphite formation is not

yet available [9].

The cheapest and most common method for producing CGI consists in using low
addition of a nodularizer, which is most often an FeSiMg alloy containing rare earth
additions. Checking that the amount of nodularizer in the melt is correct can be done
prior to pouring by controlling the oxygen level [10] although this is not a common
procedure. In fact, the recent development of CGl relies on thermal analysis [11].
Thermal analysis (TA) uses the particularity that bulk eutectic solidification of non-
inoculated CGI starts at a high undercooling, which is sometimes larger [12, 13] and
sometimes smaller [14] than that encountered with spheroidal graphite irons (SGI).
Once solidification has started, recalescence is high as for LGI unless cementite
precipitates concurrently [15]. Because of these complicated features, the
characteristics of the thermal records are highly scattered [16]. To overcome this
problem in the use of TA for melt control, a complex procedure using a special
crucible with two thermocouples has been developed by Sintercast, as indicated in
Dawson [11]. An alternative was sought by Sun et al. [17] who suggested a pattern
recognition based method using a database where previous records and analyses

are stored.



Due to the deep undercooling before bulk eutectic solidification, CGl is inoculated.
This increases nodularity in thin section castings [9]. It would thus be of interest in
being able to correlate characteristic features of thermal analysis of non-inoculated
CGl with final microstructure of the same alloys but inoculated. Such a correlation
should be established for a variable level of nodularizer, which can be achieved by
holding the melt for an increasing amount of time, as was done by Hernando et al.
[18] and Jinhai et al. [13], amongst others. The present study was dedicated to the
study of the effect of holding time and inoculation rate on the formation of compact
graphite using an alloy held liquid for several hours in a large pressurized pouring
unit. At regular intervals, two TA cups were filled with liquid and their cooling curves
recorded. One of the cups contained an inoculant, the other did not. The change in
cooling records and the associated evolution of the microstructure during melt
holding are presented. This provides quantitative information on the effects of
inoculation and nodularizer content that could later be used to validate a modelling

approach or be entered into a database for melt control.

2. EXPERIMENTAL PROCEDURE

At the end of a normal production shift, 4 t of cast iron were left in the 8 t pressurized
pouring unit of the Betsaide S.A.L. foundry (Basque Country, Spain) where the tests
were carried out. This cast iron had been prepared for the production of spheroidal
graphite castings using a FeSiMg spheroidizer containing some cerium and
lanthanum [19]. Just before each pour, the pouring basin was filled twice to ensure
chemical homogeneity, especially of the magnesium. Approximately every 25
minutes, a set of analyses was made, and a melt sample taken out from the pouring
basin was used to fill two TA cups and to obtain a medal sample, which was then
used to determine the chemical composition of the alloy. One of the TA cups was
empty when it was filled while the other one contained 0.35 g of a commercial
inoculant (grain size 0.2-0.5 mm, Si = 69.9, Al = 0.93, Ca = 1.38, Bi = 0.49, RE =
0.37 and Fe balance, wt.%), i.e. about 0.10 wt.% of the sample weight poured in the
cup. Times at which sampling was carried out were controlled so as to monitor the
evolution of the alloy during holding for 8 hours in the press-pour. The 19 castings

were identified with a letter from A to S and a subscript “no-inoc” and “inoc” for not



inoculated and inoculated alloys, respectively. During holding, the temperature of the
liquid metal increased so that the first temperature recorded with the thermal cup —
denoted peak temperature, Tpeak - Varied from 1283 to 1337°C. The precise values

are reported with metallographic results.

The composition of the collected medals was analysed by combustion (LECO
CS300) for carbon and sulfur and by spark spectrometry (SPECTROLAB) for all
other elements. The initial composition (wt.%) in the main elements is listed in Table
1, which does not include the contribution of the inoculant addition; the alloy
contained also <0.01 Mo, <0.01 V, <0.01 Al and <0.005 Co, and had about 0.05 Cr

and 0.006 Sn. The whole set of compositions is listed in annex A.

Table 1 — Chemical composition of the first medal sample (wt.%).
C Si Mn S Cu Mg Ti Ce La
3.75 | 2.45 | 0.64 | <0.005 | 0.85 | 0.043 | 0.021 | 0.0130 | 0.0051

During holding, the carbon and silicon contents decreased respectively to 3.65 and
2.39 wt.%, while the evolution of Mg, Ce and La was more marked. Fig. 1 presents
the evolution of these five elements as normalized with the values in Table 1. The
content in all other elements was unchanged during the holding time. The carbon
equivalent CE of the melt was calculated by using the two following expressions,
CEog9 as described in annex B [20] and CEaswm [21]:

CEg9 = wc + 0.28-wsi + 0.007-wwmn + 0.092-wcu + 0.303-wp (1)
CEasm = wc + 0.31-wsj - 0.028-wwmn + 0.076-wcu + 0.331-wp )

where wi is the content in wt.% of element “”. The two CE values are plotted in Fig. 1
where it is seen that they run parallel to each other with CEasm shifted upwards by an
amount of about 0.04 wt.% C. Further comparison of these two expressions is
provided in Annex B. Both CEg9 and CEaswm decreased during the holding, though
remaining above the eutectic value which means the melt remained hypereutectic all

along the experiment.
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Fig. 1 — Effect of holding time on the content of the melt in C, Si, Mg, Ce and La

relative to the composition of the first sample, and of the calculated carbon equivalent

CE according to the two equations (1) and (1").

The Thermolan® software was used to record the cooling curves which were then
redrawn and analysed as illustrated with Fig. 2. Relevant characteristic temperatures
were then evaluated, namely the maximum or peak temperature just after pouring,
Tpeak, the so-called liquidus temperature, Tia, the minimum eutectic temperature,
Te,min, the maximum eutectic temperature during the eutectic plateau, Ter, and the
solidus temperature, Tsolidus. This evaluation was made by direct reading of the
cooling curve record for Tpeak, Temin @nd Ter. The difference between these last two
temperatures is the recalescence: R=Ter-Temin. The TLa temperature corresponds to
the temperature at which the solidification is first sensed by the thermocouple. For
hyper-eutectic alloys as those investigated here, it corresponds to the appearance of
austenite after primary deposition of graphite. In practice, T a was evaluated as the
temperature at which the derivative of the cooling curve shows a slope change at the
end of liquid cooling. The location of this change is indicated with the dashed line in
Fig. 2. In this case, which is shown, the slope change is positive, but it could as well
be negative in cases where the cooling rate is close to 0 when solidification is
sensed. Accordingly, the determination of TLa may sometimes be inaccurate. Finally,
the solidus temperature was determined as corresponding to a minimum in the

second derivative of the cooling curve.
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Figure 2. Typical example of cooling curve and its time derivative (non-inoculated Q
alloy) with definition of the characteristic temperatures (open arrows), see text. The

solid arrow indicates an abrupt recalescence which is referenced to later in the main

text.

The TA cup samples were then prepared for metallographic inspections. Micrographs
of three different fields were taken at a magnification of x100 in the center part of the
samples, close to the thermocouple junction. The graphite distribution and shape
were then evaluated with an image analysis software. The graphite particles were
sorted according to the standard for spheroidal graphite, class Il for irregular
precipitates and class V and VI for irregular and well-shaped spheroids, respectively.
In the present study, class Il particles stand for compact graphite. The count (index
C) and area (index A) fractions of each class were then evaluated and normalized
with the total count and area of graphite, i.e. one has fii c + fv.c + fvic =1 and fu_a +
fv_a + fvi_a = 1. Nodularity could be expressed as the sum fv c + fvi_c. Then, the
structure of the samples was checked by etching the polished surfaces with Nital 5%
to look for the presence of eutectic cementite. When carbides were observed, their
area fraction (fcamides) Was determined on the etched surfaces. However, for getting
the proper contrast, the images were processed in such a way that ferrite in

ledeburite was counted as cementite. Depending of the microstructure of the white



eutectic, the fraction of carbides reported in the present work may thus as well

represent the amount of white eutectic.

An attempt was carried out to characterize the size and number of the eutectic cells
on metallographic sections of the non-inoculated samples after etching. In case of
samples without carbides, three micrographs at 50x magnification were used and
delimitation of the cells was based on identification of eutectic cells boundaries.
When carbides were present, they delineated the contours of the eutectic cells which
were then identified on three micrographs at 25x magnification. The maximum
diameter Dcenl Of all eutectic cells and their surface count Ncei were then determined.
Because the number of cells was quite low in non-inoculated samples, their size
could be best represented by the average of the five largest diameter values found,

which was used as Dcey vValue.

3. RESULTS

Solidification of all inoculated alloys showed a single eutectic plateau with a
maximum temperature, Ter, Which did not change much during the holding time. This
is illustrated with the records for Ainoc and Sinoc Samples in Fig. 3-a where the stable,
Teut, and metastable, Tew, eutectic temperatures determined for alloy Ainoc have also
been drawn as dashed horizontal lines. These reference temperatures are
respectively equal to 1165.4 and 1119.4°C and did not change much with holding
time, see annex B for their evaluation. Curve A in Fig. 3-a further illustrates that bulk
eutectic solidification proceeded with some recalescence before the eutectic plateau
was reached. When holding time increased, the records were seen to first flatten and
finally present a minimum located in the middle part of the eutectic plateau as clearly
seen in Fig. 3-a for alloy Sinoc (0pen arrow). This could evidence that the bulk eutectic

reaction of inoculated alloys took place in two successive steps, see below.
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Figure 3. Inoculated samples: cooling curves of trials A and S (a), and micrograph of
samples Ainoc (b) and Sinoc (€). The open arrow shows the minimum temperature in
the plateau of curve S (see text for details).

Typical micrographs of the first (Ainoc) and last (Sinoc) Samples are shown in Figs. 3-b
and 3-c, respectively. They illustrate an evolution from a fully spheroidal graphite iron
to a nearly compact one with the holding time due to the decrease in the content of
nodularizing elements, see Fig. 1. It should be noted that the small nodules in sample
Ainoc have completely disappeared and have been replaced in the Sinoc SaMple by
compact graphite particles. This suggests that the precipitation of graphite in
inoculated alloys begins with primary spheroids that give the large nodules that

appear with similar size in all inoculated samples. Compact graphite could thus



appear later during the bulk eutectic reaction leading, eventually, to the two step

plateau observed for alloy Sinoc.

The above qualitative analysis is sustained by the quantitative results illustrated in
Fig. 4 where the changes with holding time of the relative area fractions fu_a, fv A and
fvi_a are reported for the whole set of inoculated samples. It is seen that fv A, which
could be associated with the large graphite spheroids, is nearly constant. This thus
confirms that these are the small nodules which are progressively replaced with
compact graphite. In this series of inoculated alloys, the total graphite fraction, fgraphite,
was nearly constant at 0.08-0.10 and no cementite was observed. All microstructure

data are collected in annex C.
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Figure 4. Change with holding time of the relative fractions of graphite, fii.a, fv.a and

fuia, for all inoculated samples. After Regordosa et al. [19].

The characteristic temperatures and recalescence for the TA records of inoculated
alloys have been plotted in Fig. 5 as function of holding time. It is seen that T.a and
Temin remained significantly lower than Teur in line with the description of thermal
analysis records for hyper-eutectic alloys by Heine [22]. Both T a and Temin increased
with holding time, which is further detailed in the discussion section. For the present
series of results on inoculated alloys, it is also noticed an overall decrease of the

recalescence amplitude. For all samples, Tsoiiqus iS above Tew in agreement with the



fact that no cementite was observed for any of the inoculated alloys. Owing to the
uncertainty related to the use of the second derivative for evaluating Tsolidus, the slight
variation of this temperature seen in Fig. 5 may not be significant. The results in Fig.

5 will be discussed further later.
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Figure 5. Evolution of the characteristic temperatures and of recalescence during

holding for inoculated alloys.

Fig. 6-a shows the TA records from a few non-inoculated alloys, namely samples Ano-
inoc, Cno-inoc and Sno-inoc. IN contrast with the case of inoculated alloys, these records
change as a function of holding time. This is in line with the significant microstructure
changes observed on the micrographs in Figs. 6-b, 6-c and 6-d. It should be noted
that the microstructure of the Ano-inoc Sample consists mainly of spheroidal
precipitates and that its TA record is similar to those in Fig. 3-a. Solidification of the
following non-inoculated samples from B to S occurred in two stages, with a first
short plateau at 1139-1149°C and a main plateau at lower temperature. This latter
temperature was observed to decrease with holding time. After Nital etching,
samples from Cno-inoc t0 Sno-inoc did contain an increasing amount of carbides as

illustrated with Figs. 6-e and 6-f.
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inoc (€) and Sno-inoc (f) after Nital etching. The scale bar is 200 um long for all
micrographs.
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Quantitative microstructure data are presented in Fig. 7. In Fig. 7-a, the surface
fractions of graphite and carbides are plotted as a function of holding time and show
the general trend that is expected, namely a decrease in the amount of graphite as
cementite is increasingly present. In Fig. 7-b are seen the evolutions of the area
fractions of the three types of graphite. During the first 100 minutes, the amount of
types V and VI spheroidal graphite decreases while that of compact graphite
significantly increases. At larger holding times, the amounts of the various types of
graphite remain nearly constant. Accordingly, the changes seen in the TA curves are
due to the decrease of the graphite amount and the associated increase of cementite
depicted in Fig. 7-a.
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Figure 7. Evolution with holding time of the amount of graphite and cementite (a) and
of the relative fractions fu_a, fv_a and fvi_a (b) in the non-inoculated samples. After
Regordosa et al. [19].

Fig. 8 shows the evolution with holding time of the characteristic temperatures and of
recalescence for the non-inoculated samples. It is seen that T.a increases
significantly as in the case of inoculated samples while Te min first decreases rapidly
during the first 100 minutes and then more slowly when it takes values below Tew.
Tsolidus iS below Tew for all alloys and does not change much with holding time.
However, it is worth stressing that no cementite was observed in alloys Ano-inoc and

Bno-inoc though Tsoiiqus Was below Tew.
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Recalescence first increases as graphite gets more and more compact instead of
spheroidal, and it shows a maximum corresponding to alloy Dno-inoc. Such a maximum
is in agreement with previous reports [15]. After further holding, recalescence
decreases continuously to nearly zero when the structure is mostly white. For alloys
Chno-inoc and Dno-inoc, TE,min Was above Tew, meaning carbides should have appeared in
these samples at the end of solidification. In all following samples, Te min Was below
Tew so that cementite may have appeared at the beginning of the second plateau or
later towards the end of solidification. For samples Hno-inoc t0 Sno-inoc, the second
plateau was entirely located below Tew and a small but abrupt recalescence could
often be observed such as that indicated by the solid arrow in Fig. 2. This thermal
arrest could possibly be related to the appearance of ledeburite as discussed

elsewhere [23].
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Figure 8. Evolution with holding time of the characteristic temperatures and of

recalescence for the non-inoculated samples.

4. DISCUSSION

Due to the hyper-eutectic composition of the alloys, their solidification began with a
primary precipitation of graphite when the temperature dropped below the graphite

liquidus. However, this precipitation does not lead to a marked thermal arrest on TA
records because the amount of primary graphite remains quite limited even for

inoculated alloys [24]. When the temperature decreases further, conditions for

13



austenite formation are finally reached and austenite precipitation begins. This leads
to a thermal arrest that has been labelled Tpa in Fig. 2. The values for Tpa for
inoculated and non-inoculated alloys are compared in Fig. 9 where have also been
plotted the Te min Values for inoculated alloys and the calculated eutectic temperature,

Teur.

It is first noticed in Fig. 9 that Teut remained nearly constant all along the
experiments, in agreement with the fact that the content in silicon of the melt did not
change significantly, see Fig. 1 and the calculation formulae in annex B. Considering
the Tra values, it is thus seen that the liquid was strongly undercooled with respect to
the eutectic when austenite started developing at the center of the TA cups, with an
undercooling amounting to 20-25°C at short holding times and more than 10°C at the
end of the experiments. Two reasons related to the present experiments lead to
expect the observed increase in Tra with holding time. These reasons are, first, the
decrease of the alloy carbon content and, second, the decrease of the cooling rate

because of the increase in peak temperature.
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Figure 9. Evolution with holding time of Teur (calculated from the non-inoculated
alloys' composition), of Te min and Tra for inoculated samples, and of T.a for non-

inoculated samples.
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As a matter of fact, the 0.1 wt.% decrease in the carbon content from the beginning
to the end of the trials accounts for about a 10°C change along the austenite liquidus
[22], i.e. it explains most of the change in Tia recorded for the non-inoculated alloys.
The remaining part of the increase of Ta could possibly be accounted for by the
decrease in cooling rate which gives more time for primary graphite growth, thus
moving the solidification path closer to the graphite liquidus and hence increasing the

temperature at which austenite may appear.

For inoculated alloys, the T.a values are significantly higher than those for not-
inoculated alloys for short holding times®. This difference has certainly to do with the
fact that inoculation increases the amount of graphite precipitated during primary
solidification, thus overtaking part of the cooling rate effect again by moving the
solidification path closer to the graphite liquidus. At increasing holding time, the
solidification path of inoculated alloys during primary precipitation of graphite is thus
much less sensitive to change in the carbon content and in the cooling rate as seen

with the slower increase in T a as compared to non-inoculated alloys.

Finally, part of the difference between Teur and TLa must be related to austenite
undercooling as pointed out by Heine [22]. Indeed, calculating the (metastable)
austenite liquidus as indicated in appendix B for the two extreme alloys A and S
gives 1148.0 and 1159°C, respectively. These calculated temperatures are about
10°C above the measured T_a temperatures, thus demonstrating austenite

undercooling.

Once the extrapolation of the austenite liquidus has been reached, primary
precipitates of graphite and austenite may combine to give rise to the eutectic
reaction. During this stage, the composition of the liquid is expected to closely follow
the austenite liquidus. This may lead to precipitation or dissolution of so-called off-
eutectic austenite for any form of graphite, though this has been quantitatively

demonstrated only for spheroidal graphite iron [25, 26]. The alloy further undercools

" Inoculation leads to an 0.07 wt.% increase in silicon and thus to a 1.6°C decrease of the
austenite liquidus, see annex B, which is not considered in the present discussion.
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until Temin is reached, which relates to the set-up of bulk eutectic solidification. In the
case of inoculated alloys, the Te min Values in Fig. 9 follow a trend which nearly
parallels that of T.a. This was expected owing to the fact that the inoculation process
was the same all along the experiments. For non-inoculated alloys, the evolution is

totally different as discussed below.

The sample Ano-inoc Showed the same solidification process as the inoculated alloys
characterized by a single eutectic plateau. This suggests that, for this short holding
time, there were sufficient exogenous particles remaining in the melt to trigger
graphite nucleation when this sample was poured, even without the addition of
inoculant. The number of exogenous particles then gradually decreased during melt
holding, resulting in a continuous decrease in the number of primary graphite
precipitates in the non-inoculated samples, as can be noticed in the micrographs in
Fig. 6. This decrease is also associated to a change from spheroidal to compact
graphite and to a decrease of Temin, Which is rapid at first and then slows down when
TE,min IS lower than Tew. Focusing on alloys Bno-inoc, Cno-inoc and Dno-inoc Which all
showed a Temin Value above Tew, it thus seems that early development of the
compact graphite cells is hindered until some high enough undercooling has been
reached at which their growth becomes significant and leads to marked

recalescence.

The above characteristic of the solidification of CGI as recorded by TA has been
stressed since long [15]. It is here associated to a growth hindrance during the early
stage of eutectic growth. Some support of this analysis was previously gained by the
observation of deep-etched non-inoculated samples [19]. It has been seen that some
primary graphite spheroids could evolve in compact graphite cells during the first
stage of eutectic solidification, before Te min is reached. However, some other
spheroids remained growing without developing protuberances that would lead to

compact graphite, and thus appeared unchanged until bulk eutectic solidification.

In non-inoculated alloys that showed significant amounts of cementite, it was found
that the compact graphite cells show a rounded or an elongated shape. It may easily

be concluded that cells appearing round got locked when the metastable eutectic

16



took place, while elongated cells have grown for a while together with ledeburite. This
interaction between growth of CG cells and ledeburite could be quantitatively
illustrated by recording the number and size of the compact graphite cells. Fig. 10
shows these data as function of holding time. A vertical interrupted line has been
added to show when the eutectic plateau started to be entirely below Tew. It is seen
that this transition corresponds to when the size of the cells started to decrease, thus
confirming the above schematic. It is worth noting that the size of the cells reported

here are quite larger than those measured by Pan et al. [24].
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Figure 10. Evolution with holding time of the number and size of compact graphite

cells in non-inoculated alloys.

Finally, it is of interest to go back to the question of the capability of thermal analysis
as a means to control melt preparation before casting. During holding of the melt, the
quantity of nodularizing elements decreases until inoculated alloys solidify mainly as
compact graphite while non-inoculated alloys solidify mainly in the metastable
system. This suggested to plot the fraction fii_a of compact graphite in inoculated
samples as function of Te,min and R measured for the non-inoculated ones. This is
done in Fig. 11 where it is seen that inoculated alloys that can be considered as
compact graphite iron, i.e. having fui_a higher than 0.60, refer to the simultaneously
lowest values of both Te min and R for the corresponding non-inoculated alloys. These

values correspond to a nearly fully metastable solidification. From Fig. 11, it may be

17



inferred that a low inoculation, much lower than that used in the present study, would

give the most appropriate results for characterizing melt preparation for CGI casting.
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Figure 11. Correlation between the relative amount of compact graphite, fii_a, in
inoculated samples with the values of Temin and R in the corresponding non-
inoculated sample. The greyed area corresponds to inoculated alloys with compact

graphite.

5. CONCLUSIONS

A quantitative analysis of both the cooling curves and the microstructure was carried
out on thermal analysis samples cast with varying nodularizing content conducting to
a change from fully spheroidal to mainly compact graphite. The samples were either
or not inoculated leading to very different cooling curves and microstructures for each

melt sampling.

For inoculated samples, the changes in the cooling curves were too weak when
graphite evolved from spheroidal to compact to be useful for any microstructure

prediction or melt control.

On the contrary, non-inoculated samples provided much more information on both
microstructure and cooling curve characteristics. For these samples, eutectic

solidification takes place with a significant undercooling which increases as the
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amount of nodularizer decreases and as graphite changes from spheroidal to
compact. This leads to a bulk solidification taking place partly in the metastable

system with the formation of carbides.

The results thus obtained on non-inoculated alloys are in line with previous
descriptions while providing some more insight through quantitative microstructure
analysis, e.g. growth hindrance of compact graphite cells during the first stage of

eutectic growth and competition between compact and white eutectic cells.

The present work provides the whole set of quantitative data necessary for checking
the appropriateness of any modelling approach of the solidification of compact
graphite cast iron: chemical analysis, cooling curves (in particular minimum eutectic
temperature and recalescence) and quantitative microstructure data (amount of

phases, number and size of compact eutectic cells).

On a practical point of view, the present work suggests that thermal analysis could
certainly be a useful means for control of melt preparation for CGI casting by adding

very low level of inoculant in the thermal cups. Experiments in this line are on-going.
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ANNEX A

Table A-1: Composition of the 19 alloys, not including the contribution of inoculation (wt.%).

Alloy

C

Si

Mn

P

S

Cr

Mo

Ni

Cu

Mg

Ti

Ce

La

A

3.75

2.45

0.64

0.022

<0.005

0.049

<0.010

0.027

0.85

0.043

0.021

0.0130

0.0051

3.76

2.42

0.63

0.023

<0.005

0.047

<0.010

0.030

0.85

0.040

0.021

0.0130

0.0044

3.75

2.45

0.63

0.024

<0.005

0.049

<0.010

0.028

0.85

0.038

0.021

0.0120

0.0037

3.74

2.43

0.64

0.022

<0.005

0.050

<0.010

0.028

0.85

0.034

0.021

0.0110

0.0032

3.72

2.42

0.63

0.023

<0.005

0.048

<0.010

0.030

0.84

0.035

0.021

0.0100

0.0027

3.71

2.45

0.63

0.025

<0.005

0.051

<0.010

0.030

0.84

0.031

0.021

0.0081

0.0021

3.72

2.42

0.63

0.022

<0.005

0.049

<0.010

0.030

0.84

0.028

0.021

0.0076

0.0019

3.71

2.41

0.64

0.022

<0.005

0.050

<0.010

0.028

0.84

0.021

0.020

0.0070

0.0018

3.72

2.44

0.63

0.024

<0.005

0.052

<0.010

0.028

0.84

0.019

0.021

0.0061

0.0015

3.69

2.43

0.64

0.023

<0.005

0.054

<0.010

0.028

0.83

0.019

0.021

0.0052

0.0013

3.70

2.43

0.62

0.025

<0.005

0.052

<0.010

0.031

0.83

0.018

0.021

0.0047

0.0012

3.69

2.43

0.64

0.026

<0.005

0.054

<0.010

0.032

0.83

0.018

0.022

0.0044

0.0011

3.67

2.42

0.63

0.021

<0.005

0.051

<0.010

0.026

0.83

0.016

0.02

0.0040

0.0011

3.69

2.45

0.63

0.022

<0.005

0.053

<0.010

0.028

0.83

0.015

0.021

0.0036

0.0010

3.66

2.43

0.63

0.025

<0.005

0.051

<0.010

0.028

0.83

0.015

0.022

0.0031

0.0009

3.67

2.45

0.62

0.025

<0.005

0.050

<0.010

0.028

0.82

0.013

0.022

0.0028

0.0008

3.66

2.40

0.62

0.023

<0.005

0.049

<0.010

0.028

0.83

0.013

0.021

0.0023

0.0007

3.67

2.40

0.62

0.023

<0.005

0.049

<0.010

0.027

0.83

0.010

0.021

0.0018

0.0006

MWAOO|T|IOIZIZrXR|a|—|ITQ|MMOO|w

3.65

2.39

0.62

0.022

<0.005

0.050

<0.010

0.027

0.83

0.008

0.021

0.0014

<0.0005
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ANNEX B
In a limited range of silicon content, the austenite and graphite liquidus surfaces
could be represented by hyperplanes in the composition space. Accordingly, the

austenite liquidus temperature, 7Y, and the graphite liquidus temperature, T2, could
be expressed by linear relations of alloy composition:

T =T +mL-we +Xmlw; (B1)
i
T)=Tg +mg -we +>Xm? - w; (B2)
i

in which T{ and TJ are constants, m! and m? are liquidus slopes relative to element

i for austenite and graphite, respectively, and wi is the content in element i of the alloy
(Wt.%).

Using the assessment of the Fe-C system by Gustafson [27], the stable eutectic is
given by the invariant point (4.34 wt.% C; 1154°C). Combining this data with the
slope of the austenite and graphite liquidus assessed by Heine [28] leads to the

following expressions where the temperature is given in Celsius:

T/ =1576.3-97.3-w; +3m! -w, (B3)
i

T9 =-534.7+389.1- wg + X m? -w, (B4)
i

To estimate the m/ values, points were selected in the relevant Fe-C-i phase

diagrams assessed by Raynor and Rivlin [29] or by Raghavan [30], but the Fe-C-Si
system for which the point was taken from a previous assessment of this system [31].
In Table Bl are indicated the selected points and the calculated values of the
austenite and graphite liquidus slopes. The expressions derived from this selection
are expected to be valid for silicon contents up to 3 wt.% and for any other alloying

element up to 1 wt.%.

The intersection of the two hyper-plans describing the austenite and graphite liquidus

corresponds to the eutectic trough. Thus, equating equations B3 and B4 gives the

eutectic carbon content, wi":
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> (m} -m!)-w;
wg' =434 - —— (BS)
Mc —M¢

The corresponding eutectic temperature, Teur, is obtained by inserting B5 in either of
equation B3 or B4, e.g. B3:
mY —mY
i mg —m¢
For the alloys under investigation which contain silicon, copper and manganese as
alloying elements, one gets:
Teutr = 1154.02 + 4.246-wsi + 4.86-Wcu — 5.00-Wwmn (B7)

Table B.1 - Data used to characterize the effect of third elements on the binary Fe-C

stable system (according to Castro et al. [20]).

. | solid phases in equilibrium with

i species liquid we | wi |[TCC)| mf m?
Cr austenite, graphite and cementite 42 |4.30| 1156 |-2.71|13.14
Cu austenite and graphite 4.0 | 3.7 | 1172 |-4.08 | 40.62
Mn austenite, graphite and cementite 432 | 3.0 | 1139 |-5.66 | -2.40
Mo austenite and graphite 5.0 {12.6| 1350 |-10.3|-4.84
Ni austenite and graphite 3.8 |{10.0| 1128 |-7.86|18.41
P austenite, cementite and FesP 22 | 71 | 954 |-57.8| 89.6
Si austenite and graphite 3.78| 2.0 |1162.5|-23.0|113.2

For the alloys investigated in the present study, one has Teut changing from
1165.1°C to 1165.4°C along the series of samples. The calculated metastable
eutectic temperature is given as Tw = 1150 — 12.5-wsi [32], and thus increases

slightly from 1119.4 to 1120.1°C during the series of castings.

Finally, it is worth noting that the carbon equivalent CE of the cast iron is obtained

from equation B5 as:

>(m} -m!)-w;
CE=w¢ +- ; ” (B8)
Mc —M¢
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Using the parameter values listed in Table B.1, this expression gives the carbon
equivalent noted CEgo in the main text, equation (1). The corresponding expression
CEasw suggested in the ASM handbook [21], equation (1') in the main text, is due to
Neumann [33]. Neumann estimated the coefficients in CEaswm using the following two-
step procedure: 1. Recording experimental solubility values of carbon in Fe-C-i melts
at 1500°C; 2. Using these values as estimates of the change in carbon content of the

binary Fe-C eutectic induced by alloying with element “i”. Hence, the procedure we
followed is formerly the same but should give a better estimate of the alloying effect
on cast irons because:

1. C-iinteractions are certainly temperature dependent. The large difference
between the eutectic temperature in Fe-C-i systems and the temperature of
1500°C selected by Neumann may relate to significant changes in the
quantitative effect of element “i” on carbon solubility in the liquid.

2. The carbon content of the Fe-C eutectic was set at 4.26 wt.% by Neumann

while it is now admitted it is 4.34 wt.%.

The difference between the CEge and CEaswm values illustrated in Fig. 1 is for a large
part due to the change in the Fe-C eutectic composition. Further, Fig. 2b in
Neumann's paper shows that the effect of carbide former elements, e.g. Cr and Mn,
on carbon solubility is quite small. Hence, the above shift of the assessed eutectic
composition in the binary Fe-C system may well explain that these coefficients are

small and negative in CEasm while they are small and positive in CEogo.
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Annex C

Microstructure data

Table C-1: Microstructure data for inoculated alloys and maximum recorded

temperature, Tpeak (°C).

Sample | fuc | fv.e | fvic | fuLa | fv.a | fvi_a | foraphite | Tpeak
Ainoc | 0.07 | 0.25 | 0.68 | 0.03 | 0.26 | 0.71 | 0.091 | 1282
Binoc | 0.07 | 0.23 | 0.70 | 0.02 | 0.22 | 0.76 | 0.088 | 1283
Cinoc | 0.030.20 | 0.77 | 0.02 | 0.18 | 0.80 | 0.084 | 1296
Dinoc | 0.07 | 0.23 | 0.70 | 0.05 | 0.28 | 0.67 | 0.082 | 1294
Einoc | 0.07 | 0.14|0.79 | 0.05 | 0.16 | 0.79 | 0.095 | 1311
Finoc | 0.07 | 0.15]0.78 | 0.05 | 0.15 | 0.80 | 0.086 | 1302
Ginoc | 0.06 | 0.17 | 0.77 | 0.04 | 0.20 | 0.76 | 0.086 | 1313
Hinoc | 0.10 { 0.20 | 0.70 | 0.06 | 0.25 | 0.69 | 0.091 | 1247
linoc | 0.15|0.27 | 0.58 | 0.15 | 0.36 | 0.49 | 0.084 | 1310
Jinoc [ 0.25]0.16 | 0.59 | 0.29 | 0.19 | 0.52 | 0.086 | 1307
Kinoc |0.33]0.13|0.54 | 0.41|0.16 | 0.43 | 0.084 | 1312
Linoc |0.41]0.16 | 0.43 | 0.53|0.16 | 0.31 | 0.082 | 1325
Minoc | 0.35]0.19 | 0.46 | 0.42 | 0.17 | 0.41 | 0.084 | 1333
Ninoc | 0.41{0.21 | 0.38 | 0.45|0.22 | 0.33 | 0.082 | 1344
Oinoc | 0.47 1 0.2110.32 | 0.57 | 0.19 | 0.24 | 0.093 | 1358
Pinoc | 0.46 | 0.17 | 0.37 | 0.65 | 0.13 | 0.22 | 0.094 | 1346
Qinoc | 0.5410.18 | 0.28 | 0.63 | 0.17 | 0.20 | 0.088 | 1367
Rinoc | 0.62 {0.19 | 0.19 | 0.69 | 0.16 | 0.15 | 0.091 | 1357
Sinoc | 0.63|0.18 | 0.19 | 0.69 | 0.15 | 0.16 | 0.087 | 1367
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Table C-2: Microstructure data for non-inoculated alloys and maximum recorded

temperature, Tpeak (°C).

Sample

fi_c

fv c

fvi c

fi_a

fv A

fvi A

fcarbides

fgraphite

Dcell

(mm)

Ncell

(mm?)

Tpeak

Ano-inoc

0.15

0.35

0.50

0.13

0.37

0.50

0.00

0.066

0.15

98.06

1283

Bno-inoc

0.42

0.36

0.22

0.47

0.37

0.16

0.00

0.069

0.21

50.16

1291

Chno-inoc

0.54

0.27

0.19

0.73

0.20

0.07

0.09

0.075

0.32

24.01

1290

Dno-inoc

0.65

0.28

0.08

0.77

0.21

0.02

0.16

0.057

0.34

16.46

1298

Eno-inoc

0.63

0.22

0.15

0.80

0.15

0.05

0.09

0.075

0.54

6.38

1294

Fno-inoc

0.64

0.23

0.13

0.80

0.17

0.03

0.09

0.071

0.68

4.97

1299

Gno-inoc

0.67

0.19

0.14

0.88

0.10

0.02

0.22

0.062

0.55

7.08

1308

Hno-inoc

0.40

0.20

0.40

0.77

0.14

0.09

0.30

0.046

0.68

3.80

1294

Ino-inac

0.60

0.24

0.16

0.84

0.12

0.04

0.20

0.074

0.53

6.64

1303

Jno-inoc

0.58

0.21

0.21

0.84

0.10

0.06

0.35

0.055

0.55

4.58

1290

Kho-inoc

0.69

0.19

0.11

0.88

0.10

0.02

0.34

0.043

0.53

411

1300

Lno-inoc

0.62

0.18

0.20

0.86

0.10

0.04

0.19

0.078

0.47

5.03

1310

Mhno-inoc

0.57

0.26

0.17

0.80

0.16

0.04

0.29

0.062

0.67

2.73

1321

Nno-inoc

0.64

0.20

0.17

0.81

0.15

0.04

0.18

0.077

0.45

3.36

1328

Ono-inoc

0.58

0.23

0.19

0.83

0.13

0.04

0.32

0.047

0.33

2.73

1337

Pno-inoc

0.60

0.22

0.18

0.86

0.11

0.03

0.25

0.050

0.49

411

1334

Qno—inoc

0.43

0.22

0.35

0.75

0.16

0.09

0.42

0.028

0.36

1.46

1348

Rno-inoc

0.47

0.22

0.30

0.87

0.09

0.04

0.38

0.027

0.28

1.22

1338

Sno-inoc

0.59

0.23

0.18

0.83

0.12

0.05

0.39

0.037

0.32

1.77

1346
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