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Abstract: Compacted graphite was obtained using inmold technology. The effect of
aluminium on the crystallization process, microstructure, ferrite microhardness, and
hardness of compacted graphite iron was studied. The microscopic and diffraction tests
were also performed, and the process of cast iron crystallization was also investigated.
Results show that aluminium increases the temperature of the eutectic transformation
as well as the transformation temperature in the solid state. It is found that aluminium
is a graphite forming element in compacted graphite iron (CGI) at a concentration
up to 2.4wt.%. When its concentration is higher than 3.1wt.%, aluminium causes the
spheroidization of the carbides in eutectoid mixture. It is also demonstrated that in cast
iron with an aluminium content higher than ~8wt.%, AlFe;C,s phase crystallizes from
the liquid.
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Agraphite formed in compacted graphite iron (CGI) is intermediate between the
flake and spheroidal graphite. Compacted graphite is defined in EN ISO 945-1 as
Type III. The mechanical properties of CGI are intermediate between gray and nodular
cast iron. Its minimum tensile strength is from 300 to S00 MPa, with an elongation from
2% to 0.5%. The interesting properties of CGI are the reason for the growing interest in
this material """, Currently, it is used for the casing of diesel engines and turbine housings.
Some alloying elements are added to increase the mechanical properties (e.g. by adding a
pearlite-forming element) or to increase heat resistance. Aluminium is one of the elements
that increase the heat resistance in iron alloys. It is a strong ferrite forming element in the
cast iron. According to the results in Ref. [11], the y' phase (also referred to as k or Fe;AlC,)
appears in cast iron containing above 3.8wt.% Al. Data concerning both Fe-Al-C ternary
phase equilibrium diagrams as well as experimental results are presented in Refs. [11-17].
Figure 1 shows the isothermal sections of the Al-C-Fe system at 1,073 and 1,473 K o4

The figure shows that k phase appears in the Al-C-Fe alloys at 1,473 K. Its chemical
composition is variable as a function of temperature. This phase is found in cast iron
containing up to ~23wt.% Al. At a higher concentration of aluminium, the Al,C, phase
appears.

In practice, aluminium is often added into the cast iron as an inoculant. Aluminium
significantly affects the form of carbon in cast iron. Depending on its concentration,
carbon can exist as graphite precipitates or in the form of carbides . The increase
in Al concentration up to ~4wt.% results in almost full graphitization of the cast iron.
An increase in Al concentration to ~8wt.% results in the carbide precipitations. The
strong graphitizing effect occurs also for ~22wt.% Al "". Aluminium also increases
the resistance of the cast iron to high temperature and corrosion. However, most of the
researchers focus on the impact of aluminium on the crystallization process (especially
eutectic and eutectoid transformation temperatures), microstructure, or properties of cast
iron with compacted graphite "***’. Information can hardly be found in literature on the
effect of Al on CGI obtained using inmold technology. Accordingly, the aim of this study
is to investigate the effect of Al on the crystallization process, microstructure, as well as
ferrite microhardness, and hardness of cast iron with compacted graphite.
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Fig. 1: Isothermal sections of the Al-C-Fe system at 1473 K (a), 1073 K (b) "?. The dotted lines are

experimental tie-lines from Refs. [13-14]

1 Experimental procedure

A cast iron was melted in a medium frequency induction
furnace with a crucible capacity of 30 kg. The furnace charge
consisted of the pig iron with a maximum sulfur concentration
of 0.02%, ferro-silicon, ferro-manganese and the technically
pure aluminium. The compacted graphite was obtained using
the inmold method. The liquid cast iron at 1,480 °C was
poured into a green sand mould. In its gating system, there was
a spherical reaction chamber with a diameter of @85 mm. The
magnesium master alloy Lamet” 5504 containing about 5.5%
Mg was inside the chamber. Behind the reaction chamber,
there was a mixing chamber in which the last portions of the
master alloy were mixed with the liquid melt. The control
chamber has a shape similar to the cylinder. A PtRh10-Pt
thermocouple (Type S) was used for measuring the cast iron
temperature. The signal of the thermocouple transfers from
the voltage/frequency converter to a computer equipped with
a program for recording thermal curve and its derivative. The
diameter of the control chamber is approximately 38 mm.
Finally, the molten iron was poured, and a stepped bar with 3, 6,
12 and 24 mm thicknesses was obtained.

From the central parts of the stepped casting, specimens for
metallographic examinations were cut out. The sections were
etched with nital and the microstructure was examined using a
Nikon MA200 metallographic microscope. The phases fraction
was examined using the NIS Elements BR (Basic Research)
program. The cast iron’s chemical composition was tested
using an SPECTROMAXXx arc spark OES metal analyzer, and
the resutls are shown in Table 1.

Metallographic examinations were performed using a
HITACHI S-3000N scanning electron microscope, on which
the surface distributions of elements were also tested. The
distributions were made by X-ray microanalysis with energy
dispersion using a PIONEER detector cooperating with a
scanning electron microscope and using the VANTAGE
software. In order to determine the phases in cast iron,
diffraction studies using the D-500 X-ray diffractometer from
Siemens were carried out. The tests were conducted in the
range of 26 = 180° using a cobalt lamp with a wave-length of
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Table 1: Chemical compositions of tested cast irons

Chemical composition (wt.%)

1 3.82 2.47 0.31 - 0.017
2 8.0 2.46 0.35 0.19 0.017
3 3.67 2.64 0.35 1.30 0.019
4 3.60 2.61 0.34 2.39 0.018
5) Bi55) 2.62 0.33 3.06 0.019
6 3.50 2.66 0.33 5.12 0.018
7 3.41 2.64 0.33 6.64 0.018
8 3.33 2.73 0.35 8.20 0.019
© SS9 2.69 0.31 11.06 0.020

1.79021A. The cast iron hardness was examined using a HPO-
2,400 hardness tester for the conditions: load: 1,840 N, ball
diameter: 2.5 mm. The microhardness tests were performed on
an HV-1000B microhardness tester with a load of 0.09807 N.

2 Results and discussion

The thermal curve and its derivative of non-alloyed CGI
(Table 1, No.1) in the crystallization area and solid state
transformation are shown in Fig. 2.

There are two curves in Fig. 2. The first one [/=f{7)] shows the
temperature changes vs. time, while the second one (derivative)
shows the changes of cooling rate with time. On the derivative
curve dt/d=f"(r) (Fig. 2a), there are two thermal effects (heat
release as a result of phase transformations) marked with
characteristic points. The first thermal effect is derived from the
primary austenite crystallization and it is described by Points
A and B. The second thermal effect comes from the eutectic
mixture (austenite+compacted graphite) crystallization. It is
described by Points D, E, F and H. Points D and F indicate
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Fig. 2: Cooling curves of non-alloyed CGl in crystallization area (a) and solid state transformation (b)

the balance of heat released as a result of transformation
and release into the environment. The highest temperature
of eutectic transformation occurs at Point F, 1,168 °C. The
recalescence temperature (f;—1,) is 4 °C. The end of the
eutectic transformation indicates the simultaneous end of the
cast iron crystallization, which occurs at 1,126 °C (Point H,
Fig. 2a). Figure 2(b) shows that the austenite transformation
y—a starts at 775 °C (Point K). The greatest amount of heat is
released at 745 °C (Point L). The end of transformation in the
solid state is marked as Point M (723 °C).

Aluminium at a concentration of approx. 6.6wt.% resulted in
an increase in the temperature of phase transformations. Due
to the graphitizing effect, a small addition of Al (~0.2wt.%,
No. 2 in Table 1) resulted in the lack of the thermal effect
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from the primary austenite crystallization (increase in eutectic
carbon equivalent). Figure 3 shows the cooling curves of CGI
containing 8.2wt.% Al

Figure 3 shows that the crystallization process starts with
the transformation of liquid into y+graphite eutectic mixture
(DEFQ). This process finishes at 1,217 °C (Point G). When the
graphite eutectic crystallization is completed on the differential
curve, an additional thermal effect appears, most likely from
carbides crystallization. It is marked with Points G, F' and H
and finishes at 1,177 °C. Figure 3(b) shows the thermal effect
coming from austenite transformation occurred at 1,162-
1,022 °C (Points K, L and M). It starts just after the cast iron
crystallization is finished. The effect of aluminium on the
phase transformation temperature is shown in Fig. 4.
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Fig. 3: Cooling curves of cast iron containing about 8.2wt.% Al in crystallization area (a) and

austenite transformation area (b)

From Fig. 4, it can be found that aluminium obviously
increases both the eutectic crystallization and the solid state
transformation temperatures. For the cast iron with 11wt.% Al,
no thermal effect from solid state transformation was observed. It
should be assumed that due to the high temperature, this thermal
effect could occur together with that of carbide crystallization.
In CGI, aluminium increases the highest eutectic transformation
temperature (¢;) by 9.7 °C per 1wt.%, and its finish temperature (#,)
by 11.5 °C per 1wt.%. With far greater intensity, Al increases
the austenite transformation temperature in the solid state. The

austenite transformation start temperature (#) increases by 41.5
°C per 1wt.%, while its finish (¢,) by 32.6 °C.

Figure 5 shows the microstructures of non-alloyed CGI in
castings with a wall thickness of 3 and 24 mm, respectively.

The matrix of the non-alloyed cast iron in thin-walled
castings is pearlitic-ferritic (Fig. 5a), while in thick-walled
castings is ferritic-pearlitic (Fig. 5b). The volume fraction of
ferrite is 28% and 67%, while the pearlite is 69% and 30%,
respectively. The remaining part of the microstructure is
compacted graphite.
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Fig. 5: Microstructures of non-alloyed CGl in castings with a wall thickness of 3 mm (a) and 24 mm (b)

Figure 6 shows the microstructures of CGI containing
2.4wt.% Al with different wall thicknesses.

The addition of Al clearly increases the volume fraction of
ferrite in both thin-walled and thick-walled castings by ~80% and
~87%, respectively. There was no change in the shape and size of
the compacted graphite. Pearlite morphology has not yet changed.

The microstructures of CGI containing 3.1wt.% Al are shown
in Fig. 7, which show that the increase in Al concentration to
3.1wt.% resulted in a slight increase in the volume fraction of
pearlite (up to ~22% in thin-walled and 12% in thick-walled
castings). What is more, the spheroidization of the cementite in

E)‘ e
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graphite .

pearlite was observed. The reason for this is most likely the high
temperature of the austenite transformation (in the range of 799-
896 °C). The average size of the graphite particles was slightly
reduced.

The microstructures of CGI containing 8.2wt.% Al are shown
in Fig. 8. Due to the high concentration of Al, the eutectoid is
a mixture of ferrite and Kappa phase, which is referred to as
Fe,AlC, or y' """, In the microstructure of cast iron containing
8.2% Al, primary x phase precipitations are also visible. Its
volume fraction decreases as the thickness of the casting wall
decreases. Its shape indicates that the carbides are crystallized

Ferrite
Pedrlite
0 Ll

T

Fig. 6: Microstructures of CGI containing 2.4wt.% Al in castings with a wall thickness of 3 mm (a) and 24 mm (b)

140



Research & Development RNy |

Vol.17 No.2 March 2020

P

Fig. 8: Microstructures of CGI containing 8.2wt.% Al in castings with the wall thickness of 3 mm (a) and 24 mm
(b): 1-compacted graphite, 2-ferrite, 3-eutectoid mixture (Kappa phase+ferrite), 4-carbides (k phase)

directly from the liquid. This is confirmed by the thermal effect
occurring after the crystallization of (austenite+compacted
graphite) eutectic mixture (Fig. 3a). Compared to cast iron
containing 6.7wt.% Al, the fraction of eutectoid in both thin-
and thick-walled castings decreases slightly. A further increases
in Al up to ~11wt.% results in the changes shown in Fig. 9.

In the microstructure, there are few graphite precipitations,
which have a spherical shape, therefore it is not CGIL. Primary
carbides (k phase) constitute most of the cast iron components
(darker areas). In addition, the eutectoid mixture (k phase+ferrite)
is found in an amount of 10% and 22% (3 and 25 mm,
respectively).

It can be found from Figs. 5-9 that the 2.4wt.% aluminium

o A

shows a graphitizing effect, while in higher concentrations
aluminium is a carbide-forming element. At a concentration
higher than 8.2wt.%, the eutectic crystallization occurs partly
according to the metastable system. On the basis of the phases
fraction, nomograms showing the effect of aluminium on the
cast iron microstructure in castings with a wall thickness of 3
and 25 mm (Fig. 10) are developed.

Figure 10 shows that up to 2.5wt.% Al significantly reduces
the pearlite fraction with a slight increase in the graphite
fraction. When Al concentration is greater than 3wt.%,
cementite is gradually replaced by the precipitation of phase « [no
distinct boundary in pearlite and (k phase+a) eutectoid mixture].
The ferrite volume fraction in thick-walled castings is greater,

Fig. 9: Microstructure of cast iron containing 11wt.% Al in castings with wall thickness of 3 mm (a) and 24 mm (b):
1-graphite, 2-ferrite, 3-eutectoid mixture (k phase +ferrite), 4-y’ carbides (k phase)
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Fig. 10: Phases volume fraction in aluminium cast iron castings with wall thickness: 3 mm (a) and 25 mm (b)

especially at Al concentrations higher than 3wt.%. The primary
K phase fraction is greater in thin-walled castings (Fig. 10a).

Figure 11 shows the chemical composition of phases in cast
iron containing 11wt.% Al It shows that the light gray phase
is ferrite with Al and Si, while the dark phase is k phase ('
carbide) with high concentration of Al.

Phase 1

Mass fraction

Component (Wt.%)

Mass fraction
(wt.%)

Component

Fig. 11: Chemical composition of phases in cast iron
containing 11wt.% Al

To identify the above mentioned phases, the diffraction
pattern for cast iron containing 11wt.% Al is shown in Fig. 12.

Figure 12 shows that there are two phases in the tested area:
Al ;Fe;Siy, and AlFe,C,s. Due to the fact that the eutectoid
volume fraction is about 23%, it is very likely that the chemical
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Fig. 12: Diffraction pattern for cast iron containing
11wt.% Al
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composition of the carbides in the eutectoid is the same as the
primary carbides (Phase 2 in Fig. 11a).

Figure 13 shows the effect of aluminium on the CGI hardness.
Assuming that the increase in hardness is proportional to the
concentration, Al increases the hardness of CGI by 22 HB per
1wt.%. It should be noted, however, that with Al concentration
higher than 6wt.%, the increase in hardness is slight.
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Fig. 13: Cast iron hardness vs. aluminium concentration

Figure 14 shows the effect of aluminium on the ferrite
microhardness in CGI. The data presented in Fig. 14 shows
that Al significantly increases the ferrite microhardness by 21
PHV per 1wt.%.
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Fig. 14: Ferrite microhardness vs. aluminium concentration
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3 Conclusions

From the data discussed above, the following conclusions can
be drawn:

(1) Aluminium increases the highest eutectic transformation
temperature in CGI by about 11.5 °C, and the finish temperature
of the eutectic transformation by about 11 °C per 1wt.%.

(2) Aluminium strongly increases the start temperature of
the austenite transformation (i.e. transformation in the solid
state) in CGI by about 42 °C, and the finish temperature by
about 33 °C per 1wt.%.

(3) Aluminium, with a concentration of up to 2.4wt.%,
exhibits graphitizing properties, above this concentration it is a
carbide-forming element.

(4) At a concentration higher than 3.1wt.%, Al causes
carbide spheroidization in the eutectoid mixture, and cementite
precipitations are replaced by « phase,

(5) Increase in aluminium concentration by 1wt.% results
in an increase in ferrite microhardness by about 21 yHV, and
CGI hardness by about 22 HB.

(6) With an aluminium content higher than 8%, the AlFe,C
phase crystallizes from the liquid.
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