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Abstract

This paper shows how it is possible to obtain an ausferrite in compacted graphite iron (CGI) without heat treatment of castings. Vermicular
graphite in cast iron was obtained using Inmold technology. Molybdenum was used as alloying additive at a concentration from 1.6 to 1.7%
and copper at a concentration from 1 to 3%. It was shown that ausferrite could be obtained in CGI through the addition of molybdenum and
copper in castings with a wall thickness of 3, 6, 12 and 24 mm. Thereby the expensive heat treatment of castings was eliminated. The
investigation focuses on the influence of copper on the crystallization temperature of the graphite eutectic mixture in cast iron with the
compacted graphite. It has been shown that copper increases the eutectic crystallization temperature in CGI. It presents how this element
influences ausferrite microhardness as well as the hardness of the tested iron alloy. It has been shown that above-mentioned properties
increases with increasing the copper concentration.
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1. Introduction

Among the modern varieties of cast iron, cast iron with com-
pacted graphite occupies a special place of growing interest. This
is due to its advantages in combining the benefits of gray and duc-
tile cast iron. The most important are the vibration damping abili-
ties as well as the high resistance to dynamic temperature changes.
The shape of compacted graphite is covered by PN-EN ISO 945-1:
2008 and it is shown in Figure 1.

In accordance with PN-EN 16079: 2012 compacted graphite
iron (CGI) shall contain 80% minimum type III graphite.

The rest of separations may be characterized by the type IV, V
and VI in accordance with PN-EN ISO 945-1:2008.

Fig. 1. The shape of graphite in cast iron - type III (according to
PN-EN ISO 945-1:2008)

The standard specifies five grades CGI with a tensile strength
of 300 to 500 MPa at an elongation from 2.0 to 0.5%, respectively
(Table 1)

The grades of CGI are presented in Table 1.
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Table 1.

The grades of CGI according to PN-EN 16079:2012
Mechanical properties
Rpo,2, MPa A, %

Symbol Rm, MPa

min. min. min. HBW
EN-GJV-300 300 210 2.0 140 to 210
EN-GJV-350 350 245 1.5 160 to 220
EN-GJV-400 400 280 1.0 180 to 240
EN-GJV-450 450 315 1.0 200 to 250
EN-GJV-500 500 350 0.5 220 to 260

The cast iron matrix changes from the predominantly ferritic
(EN-GJV-300) to the pearlitic (EN-GJV-500).

The change of the matrix microstructure can be caused by mod-
ification of the chemical composition. Data concerning the influ-
ence of alloying additives on the CGI matrix can be found in papers
[1-4].

Worldwide literature includes data concerning the possibility
to obtain an ausferrite in CGI. It is usually obtained by heat treat-
ment of castings [5-10]. This cast iron is referred to as AVI (Aus-
tempered Vermicular Iron). However, there is no data concerning
the possibility to obtain an ausferrite in CGI without heat treatment.

Accordingly, the aim of this study is to investigate the possibility
to obtain ausferrite from CGI through modification of its chemical
composition. For the tests castings with a 3, 6, 12, 24 mm wall thick-
ness were used. The castings were cooled inside the mould.

2. Methodology

Metal was melted in an electric medium-frequency induction
crucible furnace of 30 kg capacity. Compacted graphite was ob-
tained using Inmold technology. Schematic layout of elements in
the mould is presented in Figure 2.

Fig. 2. Schematic layout of elements in the mould:
1 — pouring cup, 2 — downsprue, 3 — reaction chamber,
4 — mixing chamber, 5 — control chamber, 6 — stepped test casting,
7 — flow off

The pouring temperature was approx. 1480°C. The cast iron
from the downsprue (2) flowed to the reaction chamber (3) where
the master alloy was placed. Its chemical composition is shown in
Table 2. The liquid alloy passed through the mixing chamber (4)
and poured to the control chamber (5). In its thermal center, the
PtRh10-Pt thermocouple (type S) was located to record the cooling

as well as the crystallization process. Next the mould cavity (6) was
filled with liquid iron and any excess escaped into the flow off (7).
The tested casting was characterized by the wall thickness 3, 6, 12
and 24 mm.

Table 2.
The chemical composition of the master alloy
Chemical composition, wt%
Si Mg Ca La Al Fe
44+48 5+6 0.4+0.6 0.25+0.40 0.8+1.2 rest

Magnesium and lanthanum were used as the nodulizers in the
master alloy. There are calcium and aluminum as inoculants, while
silicon is a graphite-forming element.

The chemical composition of CGI tested is presented in Table
3.

Table 3.
The chemical composition of CGI tested

Chemical composition, wt%

No. C Si Mn Mo Cu
1. 357 2.60 0.03 171 1.01
2. 344 2.68 0.04 1.70 1.49
3. 354 2.64 0.04 1.67 1.96
4. 338 2.56 0.04 1.68 2.40
5 382 2.40 0.03 1.60 2.90

Technically pure molybdenum and copper were used as alloy-
ing additives. Molybdenum at a concentration from about 1.6 to
1.7% significantly increased the austenite stability in the pearlitic
area. It enabled the ausferrite to be obtained during continuous
cooling. Cast iron hardenability was controlled by copper concen-
tration in the range of 1-3%. In CGI with Mo and without copper,
besides the ausferrite, ferrite and perlite also appeared. The concen-
tration of magnesium in the cast iron ranged from 0.017 to 0.021%.
The change in Mg concentration was dictated by the negative effect
of copper on the graphite shape. Specimens for metallographic
studies were cut from the central part of the stepped casting. After
grinding and polishing they were etched with a 4% HNO3 solution
in Co:HsOH. The Nikon Eclipse MA200 optical microscope and
magnification X500 were used to the metallographic examinations.

Microhardness was measured on the specimens with a wall
thickness of 12 mm using the HV-1000B microhardness tester un-
der a load 0f 0.9807 N according to PN EN ISO 6507-1.

The hardness of the cast iron was examined on specimens cut-
off from the casting with wall thickness of 24 mm using the HPO-
2400 hardness tester under a test load of 1840 N, a ball of diameter
2.5 mm and the dwell time 15 s.

3. Results

Figure 3 shows the DTA curves of ausferritic CGI containing
approximately 1.7% Mo and 1% Cu.
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Fig. 3. The representative DTA cﬁwes of CGI containing approxi-
mately 1.7% Mo and 1% Cu

There are three thermal effects described by characteristic
points on the DTA curves. CsAB thermal effect comes from the
transformation of a liquid into the primary austenite. The transfor-
mation of the liquid into the eutectic mixture of vermicular graphite
and austenite causes DEFH thermal effect. Due to the positive seg-
regation of Mo the liquid is strongly enriched in this element at the
end of its crystallization, therefore its crystallization follows ac-
cording to the metastable system. Therefore, the last thermal effect
(HKL) comes from the crystallization of the ledeburitic carbides.
Crystallization of the cast iron finishes at 1018°C (point L). The
change in Cu concentration in ausferritic CGI did not cause the
form of the DTA curves. On the other hand, it has changed the tem-
perature of the phase transformations. In Table 4 the temperature
of the phase transformations in ausferritic CGI is presented.

Table 4.
The temperature of the phase transformations in ausferritic CGI
Cu, t, °C

wt%o tCs tA  tB tD tE tF  tH tK tL

1.01 1185 1161 1153 1141 1143 1144 1092 1037 1018
1.49 1219 1197 1175 1137 1139 1143 1086 1034 1008
1.96 1195 1168 1160 1150 1151 1153 1097 1042 1019
240 1198 1169 1160 1145 1147 1158 1096 1043 1017
2.90 1205 1171 1168 1165 1167 1168 1102 1044 1025

From the data presented in Tab. 4 results that the copper in the
tested cast iron increases the maximum temperature of the eutectic
transformation (point F, Fig. 3) and the temperature of the crystal-
lization finish of the graphite eutectic (point H, Fig. 3). There was
no significant effect of this element on the crystallization tempera-
ture of the carbide eutectic (point L, Fig. 3). The influence of cop-
per on the eutectic transformation temperature is presented graph-
ically in Figure 4.

Fig. 4 shows that copper increases the maximum eutectic trans-
formation temperature (tF) by about 13°C per 1% Cu and the crys-
tallization temperature of the graphite eutectic (tH) by about 6°C
per 1% Cu.

Figure 5 (a, b) shows the microstructure of the ausferritic CGI
containing about 1.7% Mo and 1% Cu in castings with a wall thick-
ness of 3 mm (a) and 24 mm (b).
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Fig. 4. The temperature of the eutectic transformation vs Cu con-
centration in ausferritic CGI
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Fig. 5 (a, b). The microstructure of compacted graphite iron con-
taining approximately 1.7% Mo and 1% Cu in: a) 3 mm;
b) 24 mm castings wall thickness

From the results shown in Fig. 5, the microstructure from a 3
mm wall thick cast consists of vermicular graphite, ausferrite, as
well as small-scale carbides on the grain boundaries. Most likely,
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they are molybdenum-containing carbides. There is a small amount
of perlite near to carbides. The increase in wall thickness up to 24
mm resulted in the appearance of ferrite at the graphite as a result
of the lower cooling rate.

Figure 6 (a, b) shows the microstructure of the ausferritic CGI
containing about 1.7% Mo and 1.5% Cu. This is from castings with
a wall thickness of 3 mm (a) and 24 mm (b).
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microstructure: compacted graphite, ausferrite, carbides, pearlite
Fig. 6 (a, b). The microstructure of compacted graphite iron con-
taining approximately 1.7% Mo and 1.5% Cu in: a) 3 mm;
b) 24 mm castings wall thickness

The increase in Cu concentration up to 1.5% resulted in the lack
of ferrite on the grain boundaries. There was no change in the mor-
phology of the bainitic ferrite plates. There was also no significant
change in the surface area of carbides.

The increase in Cu concentration up to about 2% did not sig-
nificantly affect the microstructure of the cast iron matrix. The sur-
face area of the carbides was only slightly reduced. A further in-
crease in copper concentration up to about 2.4-2.9% resulted in the
appearance of plates characteristic for the lower ausferrite.

The microstructure of CGI containing about 1.7% Mo and
2.9% Cu in castings with a wall thickness of 3 mm and 24 mm is
shown in Figure 7 (a, b).

microstructure: compacted graphite, ausferrite, carbides, pearlite

Fig. 7 (a, b). The microstructure of compacted graphite iron con-
taining approximately 1.7% Mo and 3% Cu in: a) 3 mm;
b) 24 mm castings wall thickness

From the data presented in Figure 7b, the increase in Cu con-
centration to 3% resulted in an almost total disappearance of car-
bides when using 24 mm thick walled castings.

The effect of copper on the ausferrite microhardness in CGI is
shown in Figure 8.
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Fig. 8. Ausferrite microhardness vs Cu concentration in CGI

Fig. 8 shows that copper increases the hardness of ausferrite in
cast iron with vermicular graphite by about 23 uHV per 1% of con-
centration. This is probably due to the increase in hardenability of
the cast iron, and therefore the amount of lower ausferrite.

The hardness of ausferritic CGI vs. copper concentration is pre-
sented in Figure 9.
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Fig. 9. CGI hardness vs Cu concentration

From Figure 9 it appears that the increase in copper concentra-
tion results in an increase in the CGI hardness by about 22 HB per
1% concentration. At the initial stage (from 1 to 1.5% Cu) it is
caused by both the ferrite disappearance and an increase in the
ausferrite microhardness. When the copper concentration is higher,
the reason is only the second of the above-mentioned factors.

4. Conclusions

The results of the research predestine to the following conclu-
sions:
. it is possible to obtain an ausferrite in CGI castings with a
wall thickness of 3, 6, 12 and 24 mm without heat treatment.
This is through the addition of Mo and Cu at concentrations
from approximately 1.6 to 1.7% and from 1.5 to 3% respec-
tively,
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. copper in ausferritic CGI increases the maximum eutectic
transformation temperature by about 13°C per 1% Cu and the
crystallization finish temperature of the graphite eutectic
mixture by approx. 6°C per 1%,

. copper increases the ausferrite microhardness by about
23 uHV per 1% of concentration,

. Cu increases the hardness of ausferritic CGI by about 22 HB
per 1% of concentration.
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