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Recently, the scientific community has begun to study in detail the potential application of ductite iran in

the production of thin wall compaonents. Efforts are focused on the antification of the opearative conditions
necassary to obtain parts free of defects, with the desired microstructure, These aspacts have baan widaly
exarmined in the past for parts of conventional thickness [mora than 5mm), either expedimentally or by
using computationa! programs to mode!l the sobdification procass. Nevertheless, modaling of thin walled

parts is still unreliable, since specific databases are not available.
The objective of this work is 1o study the evolution of the graphite nedule count and shape in dustile iron,
as the section thickness diminishes down to 1.5mm, wsing convantional casting procadures and resin

bonded sand molds.

A reasonably accurate correlation betweean solidification time and nadule count has bean developed,
basad on exparimental and maodeled cooling curves. The morphalogy of graphite nodules has bean charac-
terizad by image analysis, and the results correlated with the solidification time. The advantages of using
solidification time as a parameter instead of thickness are alzso discussed.
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1. Introduction

Modeling of casting processes using personal computer
(PC) includes aspects such as filling of molds, heat transfer
and evaluation of defects. Nowadays, foundrymen follow
closely these developments to optimize casting processes,
to reduce costs amd to improve preduct quality. In the par-
ticular case of Ductile [ron (DI}, models are aimed to pre-
dict nodule count (NC), microstructure, and consequently
mechanical properties, prior to production.

Applications of ductile cast iron continue to incremse
steadily over the years due to its relatively low-cost produc-
tion, its ease of recycling, and the capability to be produced
with a wide range of microstructures and mechanical prop-
erties, Recently, increasing attention is being given to the
production of thin wall ductile iron castings, in an attempt
to extend the use of DI to the construction of components
with high strength to weight ratios." If the mechanical
properties and flawless nature of standard wall thickness
ductile iron castings could be sustained for thin wall ductile
irom, it would be possible to increase its number of applica-
tions. In fact, the higher strength ductile mon grades have
strength to weight ratios that are high enough to allow the
replacement of aluminum in low weight-high strength parts.

It is well known that noticeable increments of nodule
count take place when the cooling rate increases, for exam-
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ple as a consequence of the presence ol thin walls. This ef-
fect is shown in Figs. 1(A) and 1(B), for plates of different
thickness cast from the same melt in the metal casting labo-
ratory of the Metallurgy Division of INTEMA. Figure 1{A})
shows the microstructure of a 20mm plate, which has a
nodule count of approximately 150 nod/mm®, while Figure
1{B} corresponds to a plate of 2mm in thickness with a
nodule count higher than 2 000 nod/mm?. This noticeable
increment in nodule count is caused by the greater under-
cooling that takes place during solidification of the thinner
sgetions, which activates a larger number of substrates for
heterogeneous nucleation of graphite.

The nodule count is commonly referred to as a parameter
of the quality of ductile iron. The increase in the nodule
count can have an important effect on the solid-state phase
transformations of ductile iron, and on its microstructure
and mechanical properties.

The available imformation regarding the change in the
nodule count as the section thickness decreases is still in-
sufficient, particularly in the case of very thin wall sections.
The objective of this work is to study the evolution of the
nodule count and nodule shape in DI, as the section thick-
ness diminishes down to about 1.5 mm, for castings made
using conventional melting and pouring procedures, and
cast into resin bonded sand molds.
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Flg. 1. Influence of section thickness on nodule count (unetched

specimens). A: 20mm plate (150 nodfmm®), B 2mim
plate {2000 nod/fmem?),

2, Experimental Methods

The melts were produced using a 60 kg medium frequen-
cy induction furnace. Steel scrap, low impurity pig iron and
foundry returns were used as charge materials. The melts
were treated with 2wt% of FeSi9%MgCe alloy (20-40
mesh) and inoculated with 0.6 wt% of Fe75%5i (515
mesh), using the sandwich method and late inoculation.
The metal was poured at approximately 1400°C.

The shape and dimensions of the castings are shown in
Fig. 2. These castings contain eight sections of different
nominal thickness, ranging from 1.5 to 38.1 mm. The dif-
ference in section thickness provides a considerable varia-
tion in cooling rate. An ASTM A 536-B4 Y-block of 1/2"
was also poured for each heat, Molds were prepared using
alkydic resin bonded silica sands (6062 mesh). The actual
thickness of the different sections cast using the mold may
be shightly different from nominal thickness. Therefore, the
actual plate thickness, measured after casting, is used in ta-
bles and calculations,

The cooling curves corresponding to the geometrical
center of cach section of the specimens shown in Fig. 2,
were recorded using uncovered K type thermocouples (0.5
and 1 mm in diameter), hooked to an 8-channel acquisition
board installed in a PC. The temperatures were recorded
until solid-state transformation temperature was overcome.

In order to obtain higher cooling rates, chills were posi-
tioned at the end of the thinner sections of some step
blocks. Hypoeutectic, eutectic and hypereutectic alloys
were produced. The chemical compositions are listed in
Table 1.

The thermal evolution during the solidification of the
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Fig. 2. Shape and dimensions of the test pleces, Temperature
recording and metallographic specimens were taken from
the geometric center of each section thickness.

castings was modeled by using the program named
SIMTEC. Special attention was given to the heat evolution
during the mold-filling step, This is considered critical for
thin wall castings, where accurate temperature field caleula-
tions are heavily dependent on mold thermal history.

The solidification time at a given sample location (1,) was
estimated from the corresponding cooling curves. This was
done on both recorded and modeled curves. The solidifica-
tion time (7,) was assumed to be the time interval between
the tangent straight line to the curve at the start and at the
end of solidification, as shown in Fig. 3.

The cooling curves of the thinner sections were difficult
to measure, or were considered to be unreliable, due to the
rapid cooling taking place at such sections and to the rela-
twvely slow response of the temperature acquisition set up,
In these cases, only the modeled cooling curves were used
to estimate the solidification time,

Metallographic specimens were taken from each section
thickness of the castings by sectioning along lines A-A,
shown in Fig. 2, and prepared using conventional polishing
techniques.

Cuantitative metallographic measurements were carried
out using the Image-Pro Plus 1.3 analyzer, at a magnifica-
tion of 1002, with a pixel dimension of 0.91 gm. The nod-
ule count was determined on unetched “as cast” specimens.
Only particles having an area larger than 15 gm’ were ac-
counted for in the case of sample thickness larger than 10
mm, while this limit was reduced to & um® for the thinner
wall thickness castings. The reported values correspond to
the average of at least five measurements. The sphericity
{5), was calculated from the arca and perimeter of nodules,

by using Eq, (1).2
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Tahle 1. Chemical composition (msss %) of test pieces,
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Fig. 3. HRecorded cooling curves showing the measurement of
solidificalion time.
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The average sphericity (AS), is caleulated by averaging §
values of all nodules. Then, the nodularity by count
(NBC%) was established as:

e, DSNPRC senip e pativiles: i i
Number of MNumber of
acceptable  unacceptabel parlicules

The nodules considered acceptable are those with sphericity
values greater than (1.5,

3. Results and Discussion

3.1, Solidification Time

The solidification time (t,) was used as the variable para-
meter for the analysis of results, instead of the thickness,
Correlations based on solidification time are more useful
than those based on thickness, since results obtained for a
given molding configuration can also be applied to other
systems, which may include different mold materials, the
presence of chills, ere. Even though solidification time is
not easy to measure experimentally, particularly for thin
sections, it can be calculated with reasonable accuracy by
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Fig. 4. Solidification time v thickness of sand cast plites, Both
mieasiifed and calculated data points are shown by sym-
bols, A correlation curve is also shown,

modeling, provided that boundary conditions are carefully
selected and proper numerical treatment is used.

Figure 4 shows the values of ¢, obtained from measured
and calculated cooling curves, as a function of the thickness
of the plate samples, The results based on caleulations and
on measurements are very similar and follow the same ten-
dency, This supports the use of modeling to estimate the so-
lidification time of the thinner sections, where actual mea-
surements are not possibile.,

32, Nodule Count

The typical evolution of the nodule count (NC) as the
section size diminishes is shown in Fig. 5, for samples of
1.5, 3.0, 12.7 and 38.1 mm of thickness,

Tables 2, 3 and 4 list the resulis of nodule count as a
funetion of solidification time, for hypocutectic, eutectic
and hypereutectic irons, respectively. The results are quite
scattered. As expected, the hypoeutectic irons show lower
nodule count, since they have a smaller amount of free
graphite. Furthermore, the volume of free graphite in hy-
poeutectic compositions can be reduced for the smaller ts
samples, as a result of the greater tendency to precipitate
ledeburitic carbides. Hypoeutectic iron has lower graphiti-
zation potential, as a result of its smaller content of C and
i
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Fig. 5. Examiple of change in nodule count (NC) for thickness values under study (unetched specimens, 100%). A2 L5

mm, B: 3.0mm, C: 12.7 mm ond I: 38.1 mm,

Table 2. Messuned nodule count (MC) ad corresponding solid-
ifhcation time (1), for hypoeutectic compositions

(HO).
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The 1.5 mm nominal thickness sections, which are char-
acterized by solidification times smaller than 105 (Fig. 4),
have very high nodule counts, typically greater than 1 000
nodules/mm? for eutectic and hypereutectic alloys, reaching
values as high as 2 400 nodules/mm’.

3.3. Shape of Graphite

Tables 5, 6 and 7 show the results of AS and NBC, as
well as the visual nodularity values estimated by using AFS
charts (ASTM A 247-67).%

It was found that, for the present experimental condi-
tions, all specimens of ts smaller than 50 s, corresponding
to plates of thickness lower than 6mm, show average
sphencity and nodularity higher than 0.80 or 90%, respee-
tively. This corresponds, approximately, to a visual nodular-
ity (ASTM) cqual to or greater than 80 %,

Figures 6 and 7 show the plot of AS and NBC as a func-
tion of solidification time. Although the results are quite
scattered, both the nodularity (NBC) and the average
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Table 3. Mezsured nodule count {NC) at corresponding solid-
ilication time (L), for hypereutectic compositions
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sphericity (AS) increase as the solidification time decreas-
es. AS and NBC vary within a similar range, of approxi-
mately 25%, for the range of solidification time (1) exam-
ined.
34. Correlations between Solidification Time and
Graphite Characteristics

Solidification time versus nodule count relationships
have been shown to be best approximated by means of
power law equations, ™™ The following equation was used in
this work:
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Tahle 4. Measured nodube count (NC) at corresponding solid-
ification time (1), for eutectic compoesitions (E}.
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Table 7. Modularity paramesers; averge sphericity (AS),
modularity by count (NBC) and sodularity (ASTM),
at corresponding sefidification time {1s], for eutectic

Table 5 Modularity pammeters; average sphericity [AS)

nodularity by count (NBC) and sodulanity (ASTM),
at correspeading solidification Tame 41, for hypoes-

tectic compositions {HO).
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Table &

Modularity parameters: daverage sphercily (AS)

modularity by count (NBC) and nodularity (ASTM
it cormespanding solidification time (r), for hypereu-
tectic compasitions (HE).
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Fig. 6. Average sphericity as a funciion of the solidification tame.
Data collected for oll specimens, regardless chemical
compoditin and section thickness, are shown in the same
nhat,
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Fig. 7. Nodularity by count as o function of the solidification

timse. Data collected fior all specimens, regardless chemi-
cal composition and section thickness, are shown in the
surne plot
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Solidification Time [sec]

Fig. B Nodule count as & function of solidification time, for all
bypereatectic and gutectic specimens.

NOmAA, o iiininniressinssd3)

Where NC: nodule count [nodules/mm?]
t,: solidification time [5]

A and B: constants that take into account the effective-

ness of the inoculation practice.

Equation (3) shows that the shorter the solidification
time, the greater the nodule count, and the constants 4 and
B determine how rapidly this tukes place,

The data collected for each composition was used o esti-
mate the values of the constants A and B. The least-squares
approximation method was used. The difference in the val-
ues of A and B for the hypereutectic and eutectic melts was
small, while data for hypoeutectic compositions showed a
considerable difference. Therefore, it seemed unreasonable
to apply different equations for each composition, within
the studied range. In consequence, hypereutectic and eutec-
tic data points were used to obtain a single expression, as
shown in Fig. 8. An equation for hypoeutectic melts was
not developed.

The rate of change in nodule count hecomes steeper as
the solidification time drops below 505, The scatter in the
number of graphite particles for solidification rate of 505 or
less is higher than that for larger solidification times, This
larger scatter may caused by the contribution of several fac-
tors, such as the difficultics associated to the measurement
of high nodule counts, regarding the effect of polishing pro-
cedures and detection ranges, and the formation of frec car-
bides in thinner sections, which reduces the amount of free
graphite, The best fit was obtained by the following expres-
siom:

NC=S600 i)

This equation can be used to calculate, with reasonable ap-
proximation, the nodule count at a location of a given com-
ponent, as a function of the solidification time. Its applica-
tion is best suited to cast sections smaller than 30 mm.
Values of nodule count as a function of solidification
time, reported by Alagarsamy® and Askeland-Grupta® for
relatively thick sections, are compared with the predicted
values obtained by Eq. (4), in Fig. 9. The predictions fit
reasonably well to the higher limits of the ranges reported
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Fig. 10, Logariiheic regression for experimental data of nodu-
lasity by count v, nodule count,

in the literature. The differences between calculated and
measured values may be caused by a number of factors,
The use of different graphite inoculation techniques can
have a drastic effect on the nodule count of relatively thick
sections, Furthermore, the methodology used to measure
nodule counts can also lead to different results, particularly
when automatic counting is carried out on high nodule
count irons, through image analysis. In addition, the
methadology used to measure solidification time is not nec-
essarily equivalent to that applied in this investigation.
Information for thinner sections has not been reported yet,
to the best of our knowledge. Other authors reported the
variation of nodule count as a function of thickness™™ ot
modulus,"™ but these data can not be used for comparison
since the values of solidification time were not reported.

The variation of AS and NBC with nodule count, Figs. 6
and 7, is too scattered and cannot be represented accurately
by an equations. Nevertheless, the change in AS and NBC
as & function of nodule count, shown in Figs. 10 and 11,
show a relatively smaller scatter. The change in AS and
MNBC as a function of nodule count can be approximated by
the following expressions;

AS=0.06+In{NC)+0.49 ...covcrvrrrarernen5)
NBC=3.8" In(NC)+69 ..occcccrrrrrsernec(6)
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Fig. 1L

Logarithmic regression for experimentn] data of avernge
sphericity vs, nodube count

Equations (4), (5) and (6) provide a satisfactory tool to esti-
mate approximate values of count and shape of graphite
nodules of thin wall ductile irons, as a function of the solid-
ification time. These expressions can be used to build a rou-
tine that interacts with any properly set up solidification
program, aimed to predict the characteristics of the graphite
present in an actual ductile iron part.

4. Conclusions

(1)  Hypoeutectic compositions show smaller nodule
count than eutectic and hypereutecetic iroms, particularly
when cast in small thickness sections. Meanwhile the rate
of increase of nodule count as the section size diminishes is
similar for both eutectic and hypereutectic ductile irons.

(2) Thin wall ductile iron castings show very large nod-
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o)

ule counts. A reasonably accurate correlation has been de-
veloped to estimate the nodule count as a function of the
solidification time. Calculations based on the correlation
show good agreement with the results of others authors.

{3) Both the nodularty by count and the average
sphericity increase as the section thickness decreases. Al-
though data are rather scattered, logarithmic correlations
were developed to calculate approximately the shape of
graphite as a function of nodule count.

(4} Sections smaller than &mm, having solidification
time lower than 50 s, show very high average sphericity and
nodularity, higher than 0.80 and 90%, respectively.
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