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1. Introduction

Compacted/vermicular graphite was intro-
duced due to the properties of compacted gra-
phite cast iron such as high tensile strength
with high thermal conductivity and good mach-
inability.!"?

It is well known that the major properties of
cast iron depend upon the shape of graphite.
The high tensile strength and ductility of ductile
iron come from the spheroidal morphology of the
graphite. The good thermal conductivity and good
machinability of gray cast iron come from flake
shaped graphite.

Different treatment for compacted/vermicular
graphitization may result the morpholgy in
another trend mainly because of their different
fading characteristic.>**» The diffusivity and
the tendency of the matrix change could be
checked when the specimen is heated to the

austenitic region.
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To see the change in the morphology of com-
pacted graphite, a solidification factor-treatment
for C/V graphitization and holding time for
fading effect-and heat treatment were studied

in this research.

2. Experimental Procedures

2.1 Objectives

The objective of this study was to determine
the effects of several variables which may aff-
ect the morphology of compacted graphite. Thcse
variables are as follows :

1. Different treatment for compacted/vermi-
cular graphitization.

2. Holding time after inoculation and post ino-
culation.

3. Effect of heat treatment.

2.2 Molding and Heat Procedure
All of the molds for this study were air set

molds. Three different section size(13mm, 25mm,
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38mm) round bars were poured simultaneously.
The length of the bars was 150mm.

Mg-treatment or rare earth silicide treatment
was done between 1,454C and 1,538C during the
process of pouring melts to the ladle to take
advantage of quick mixing.

Post inoculation followed the treatment in a
few seconds. Each time, after fhe treatment and
after post inoculation, the melt was stirred with
a steel rod. Then a eutectometer cup and a
chemical analysis sample were poured.

About 30 seconds later, after post inoculation,
the first series of three different section sizes
was poured. After waiting 2 minutes holding
the melt in the ladle, another set of samples

was poured.

2.3 Charge Calculation

The charge for the 45.3kg induction furnace
heats was composed of ductile iron sprue and
steel scrap in the proper proportions to bring
about the desired silicon content of the heats.
Taking into account carbon losses during melt-
ing, carbon raiser was added to the melt for
the proper carbon content.

The Chemical analyses of ductile iron sprue,
steel scrap and carbon raiser are listed in Table
1. Also, nominal chemical analyses of rare earth

silicide and ferrosilicon for post inoculation are

listed in Table 1.
Typical charge calculations would be as foll-
OwWS .
a. Rare Earth Treated
Desired carbon equivalent : 4.40%
Total silicon : 1.80%
Total carbon : 4.40-1.80/3=3.80%
Silicon gain from 0.25% rare earth silicide :
0.4% x30% =0.12%

W o=

5. Silicon gain from post inoculation : 0.5% X
75% =0.38%
6. Silicon supply from ductile iron sprue . 1.80—

(0.12+0.38)=1.30%

7. Ductile iron sprue needed : (1.30/2.5) X 45.
3kg =23.6kg
8. Steel scrap needed : 21.7kg

9.
10.
11.

Expected carbon loss during melting : 0.3%
Total carbon necessary : 3.8+0.3=4.1%
Carbon raiser necessary . 4.1 —(23.6/45.3x0.
035+ 21.7/45.3  0.002) X 100=2.18%

This example charge calculation is shown in
Table 2. In the case of the C 3.4%/Si 3.0% heats,
the calculations which are different from the
calculations above would be as follows :

2. Total silicon : 3.0%

3. Total carbon : 4.40—3.0/3=3.40%

6. Silicon supply from ductile iron sprue : 3.0—

(0.12+0.38) =2.50%
7. Ductile iron sprue needed:(2.50/2.50) x 45.3kg

Table 1. Nominal analysis of charge materials and additions
Material Composition
Ductile Iron C Si Mn S P Mg Fe
Sprue 3.5—-3.7 2.2—2.6 0.3—0.35 0.01 0.02 0.05 Bal.
Steel Scrap 0.2 0.1 0.4 — — — Bal.
Carbon C Si Si0; Fe H.0 Ash Others
Raiser 98.5 0.27 0.03 0.0045 0.02 0.5 V 0.005
Ni 0.0002

Ce La Other Ca Al Si Fe

Rare Earth
RE

Silicide

16.46 9.88 6.58 0.41 0.25 33.2 32.2
Ferrosilicon — — — 0.8 1.0 75.0 23.2

(50)
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Table 2. Example charge calculation of 45.3kg melt

Materials Amount(kg) Carbon(%) Silicon(%)
D. 1. Sprue 34.4 2.66 1.30
Steel Scrap 10.9 0.05 —
RE Silicide 0.18 — 0.12
Post Inoculation 0.23 — 0.38
Carbon Loss — —0.30 —
Carbon Raiser — 1.39 -

Total 45.7 3.80 1.80

Table 3. Targets of heats poured with different treatment and different

carbon-

silicon ratio

A. Mg-Ti Alloy Treated
Heat No. C* Si* Mg S P C.E. Aimed
1 3.8 1.8 0.01 —0.02 0.05 0.05 4.4
2 3.7 2.1 0.01 —0.02 0.05 0.05 4.4
3 3.6 2.4 0.01 -0.02 0.05 0.05 4.4
4 3.5 2.7 0.01 —0.02 0.05 0.05 4.4
5 34 3.0 0.01 —0.02 0.05 0.05 44
B. Rare Earth Silicide Treated
Heat No. C* Si* Ce S P C.E. Aimed
6 3.8 1.8 0.02 0.05 0.05 4.4
7 3.7 2.1 0.02 0.05 0.05 44
3 3.6 2.4 0.02 0.05 0.05 4.4
9 3.5 2.7 0.02 0.05 0.05 4.4
10 3.4 3.0 0.02 0.05 0.05 4.4

* Checked with the eutectic arrest temperatures representing C.E.

8. Steel scrap needed : none
10. Total carbon necessary : 3.4+0.3=3.7%

2.4 Experimental Design

Five major factors as shown below were

11. Carbon raiser necessary . 3.7 — (0.035x 100lb) =
0.2%
b. Mg-Ti allby treated
The same process was used except the silicon
gain from Mg-Ti alloy was considered instead

of the rare earth silicide.

In this case, the calculation could be as follows :

1.2% of Mg-Ti alloy Xx50% of silicon in the alloy =
0.6% silicon added by Mg-Ti alloy treatment.
The target chemical compositions of each heat

based on the above charge calculation are shown
in Table 3.

(51)

considered in the design of this experiment.
1. Two different kinds of treatment.
2. Three different holding time in the pouring.

3. Heat treatment.

2.5 Sample Preparation and Examination

To avoid the end chill effect, the section to
be polished was chosen at the place shown in
Fig. 1. The bar shaped samples as cast and after
annealing were cut by a metallographic cut off
machine.

Specimens for optical microscopy were obta-
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Fig. 1 Section selection, 1.5 X diameter far from

one side of a bar

Fig. 2 Places for optical microscope between

edge and center of a bar

ined from the approximate mid-section between
the center of the bar and the edge of the bar
as shown in Fig. 2.

The samples of 13mm and 38mm section sizes
were left unmounted to check the difference be-
tween inner and outer microscopy of a section.

Those samples were polished using standard

metallographic techniques.

2.6 Percent Spheroidal Graphite Measurement

To measure percent spheroidal graphite, a
metallographic microscope was used. Projecting
the image of the polished specimen onto a gro-
und glass plate at 200X, the number of sphero-
idal graphite of type 1 and type @ in the
image area of 10cm x10cm which corresponds to
a 0.25 sq.mm. sample area(0.5mm X0.5mm) was
counted as one group and the total number of
graphite particles in the same area was coun-
ted as the other group. Four counts were taken
and averaged.

Percent spheroidal graphite was then meas-
ured as follows :
Percent Spheroidal Graphite

No. of type I, I nodules

Total number of graphites

(52)

Thickness

Length

Fig. 3 Typical method of thickness-length ratio

measurement

2.7 Thickness-Length Ratio Measurement

The thickness-length ratio of compacted
graphite measurement was made at the same
time as the percent spheroidal graphite measure-
ment.

A typical method of measuring the thickness
-length ratio of compacted graphite is shown in
Fig. 3.

Four counts were taken. One was chosen among
typical short and thick compacted graphite.
Another was chosen among typical thin and long
compacted graphite. The other two were chosen
among moderate compacted graphite. Then all

four were averaged.

3. Experimental Results

Fig. 4 shows the relationship of holding time
and percent spheroidal graphite with different
treatment and different section sizes. Another
result which shows the effect of holding time
on the thickness-length ratio of compacted
graphite is shown in Fig. 5. The effect of holding
time up to 4.5 minutes is not significant as shown
in Fig. 4 and b5.

Fig. 6, 7 and 8 show the microstructures of
compacted graphite cast irons as cast and an-
ealed. The microstructures at the top of each
figure are as cast and those at the bottom are
after annealing. All photographs of 13mm and
25mm section size were taken at the magnific-
ation of 150, but those of 38mm were taken at
the magnification of 75 because of too large

graphite and matrix under investigation for the
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Fig. 5 Effect of holding time on the thickness-

length ratio with different section size

and treatment

frame of the photographs. This effect of heat
treatment of 13mm section size is more signifi-

cant than that of 26mm and 35mm section size.

4. Discussion

As written in the experimental procedure the
samples were poured at 0.5 minutes, 2.5 minutes
and 4.5 minutes after post inoculation. This
was not a long enough time to observe signifi-
cant differences occuring in the morphology of
compacted graphite. Therefore Fig. 4 shows that
no significant difference occurs in the percent
spheroidal graphite at 4.5 minutes of holding
time. Fig. 5 also shows that there is no signifi-
cant difference in the thickness-length ratio of
compacted graphite.

Fig. 6, 7 and 8 show evidences of this pheno-

(53)

menon. No significant difference in the morpho-
logy of compacted graphite could be found by
comparing figures above which have the same
conditions-treatment, carbon/silicon ratio and
section size.

The typical matrix in a2 medium section size
which contains compacted graphite is pearlite
and ferrite. But carbide can dominate pearlite
and ferrite by rapid cooling in a thinner section
as shown in Fig. 6 and 8 In a thicker section,
38mm or more, ferrite is the major matrix cons-
tituent in the microstructures as shown in Fig.
7 and 8.

Heating the samples up to 871 C, the matrix
of those samples consists more of austenite and
carbide. By slow cooling in the furnace, the
matrix easily forms ferrite and carbide. In thin
sections as shown in Fig. 6, 7 and 8, all of the
pearlite in the matrix was changed to ferrite.

The carbon in pearlite could be diffused in
austenite when the temperature is above the
A: line in the Fe-C phase diagram. With slow
cooling in the furnace carbon component segre-
gates in the form of graphite. But no noticeable
difference could be detectéd in the shape, the
scale and the amount of graphite with two
exceptions. These two cases are shown in Fig.
6(C 3.4/Si 3.0, 13mm section size, 0.5 min. holding
time) and Fig. 14(C 3.4/Si 3.0, 13mm, 4.5 min.).
In these two cases, the excessive carbide trans-
forms to austenite during the heating procedure.
Then carbon composition in austenite becomes
graphite by the formation of ferrite in the ma-
trix and it segregates independently or is added
to the already existed graphite. Graphite addi-
tion occurred along the grain boundary as sliown
in Fig. 6.

In thicker sections as shown in Fig. 7 and §,
the microstructures of the Mg-Ti alloy treated
cast iron as shown in Fig. 7 show no major
difference in matrix and graphite morphology

before and after annealing.
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Fig. 6 Microstructures of cast iron, 12.5mm section size 0.5 min. holding time. (X150)
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Fig. 7 Microstructures of Mg-Ti alloy treated cast iron C 3.4/Si 3.0
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Fig. 8 Microstructures of rare earth silicide treated cast iron C 3.4/Si 3.0
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5. Conclusions

1. A maximum holding time of 4.5 minutes is
not enough to observe whether there is any
effect of the holding time on the morphology
of compacted graphite. However, it can be said
that holding times up to 4.5 minutes do no aff-
ect the morphology of compacted graphite.

2. Rare earth silicides treated compacted
graphite cast iron is more easily affected by
annealing than Mg-Ti alloy treated irons. In
other words, the Mg-Ti alloy treated compacted
graphite does not change its shape even after
annealing(1 hour, 871 C, furnace cooling).

Rare earth treated compacted graphite in a

thin section sample(13mm) becomes slightly

(87)

thicker and longer during annealing due to

graphitization.
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