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Abstract

Fe - 4,25% C alloy was directionally solidified with a constant temperature gradient of G = 33,5 K/mm and growth rate of v = 83,3 pm/s
(300 mm/h) using a vacuum Bridgman-type crystal growing facility with liquid metal cooling technique. To reveal more detailed
microstructure, the deep etching was made. This was obtained in the process of electrolytic dissolution. The microstructure of the sample
was examined on the longitudinal and transverse sections using an Optical Microscope and Scanning Electron Microscope. Using the
Electron Backscattered Diffraction technique, phase map and analysis of phase were made. In this paper the analysis of Fe-C alloy eutectic
microstructure is presented. Regular eutectic structure was obtained. The fracture surfaces show lamellar structure. Microscopic
observation after electrolytic extraction indicates that the grains of longitudinal shape of eutectic cementite have been obtained. These
grains are characterized by layered construction with many rounded discontinuities.
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1. Introduction Directional solidification is performed in a set-up shown in
Figure 1. This is occasionally named as the Bridgman method.
During this solidification one end is fixed to a cold zone and the
other end to a hot zone. These zones are kept at fixed
temperatures using a thermostat, respectively: below and above
the melting point. This allows a fixed temperature gradient (G) to
be established in the system. Between these zones the liquid metal
is placed. As the solidification process progresses, solid phases
grow in the direction of the hot zone at a particular growth rate (v)
set by a motor pulling the sample towards the cold zone. These
two parameters, G and v, are the main parameters that control
directional solidification experiments. In common practice, the
diffusion in the solid is ignored, as the solute diffusivity of solids
is far smaller than the one of liquids. [4, 5].

For directional solidification, the growth rate is determined by
the growth rate. It is important to determine the cooling of liquid
at the front of solidification at a fixed growth rate.

During the liquid/solid phase transformation examined
eutectic alloys formed extensive range of different phase
microstructures. Eutectic alloys attract attention in the field of
material science due to superior casting properties connected with
a fine-scale composite microstructure.

Depending on the parameters which control the process, there
are two basic techniques of solidification During isothermal
solidification of pure materials, the solidification bath is kept at a
constant temperature below the melting point, and the solid grows
freely from this undercooled melt. While in directional
solidification, a sample is being pulled with fixed rate through a
fixed temperature gradient from a hot to a cold zone. Parametric
study of these microstructures under well-controlled conditions is
possible to perform because the microstructures formed in this
process are very uniform [1, 2, 3].
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For isothermal growth, the growth rate and characteristic
dimensions of this obtained structure should be determined at a
specified melt cooling. As there is a temperature gradient, the
equilibrium concentrations at the solid-liquid interface are also
functions of the coordinates at the interface. These concentrations
are functions of temperature determined by the equilibrium phase
diagram. This effect does not occur in isothermal growth and
leads to a renormalization of both capillary effects and mass
balance condition in the diffusion problem [7+10].

Microscope

Fig. 1. Schematic of directional solidification [6]

The austenite-iron carbide eutectic yFe + FesC growth is
initiated by forming of a cementite plate. The austenite dendrite
nucleates and grows on this plate. There is destabilization around
FesC. Eutectic growth occurs: in the sidewise direction - a rod
eutectic, and in the edgewise direction - a lamellar eutectic with
FesC as a leading phase. Cooling rate have a significant influence
on the morphology of the y-Fe + Fes;C eutectic.

The metastable cementite is formed at~ = 1147°C during
cooling of the Fe-C system and starts to decompose at 500 °C
during the heating process [11+13].

2. Experimental procedure

2.1. Alloy preparation and directional
solidification

The Fe - 4,25% C alloy sample was made from Armco and
pressed graphite of spectral purity 99.99 %C. Under the
protection of argon gas, in a corundum crucible in Balzers-type
heater samples were made. They had diameter of 12 mm. After
that they were machined to 5 mm in diameter.

This sample was loaded into AlOs; tube of the vacuum
Bridgman-type furnace. The sample was being heated to a
temperature of 1450°C under an atmosphere of argon The sample
was pulled out at a rate v=83,3 pum/s from the hot zone to the cold
zone. The liquid metal alloy was used as the coolant (Fig. 1).

The specimen was grown by pulling it downwards. During
that process a growth rate was fixed v=83,3 pm/s (300 mm/h) and
a temperature gradient was constant G=33,5 K/mm [14, 15].

The process of directional solidification was made in the
Department of Casting at the AGH University of Science and
Technology in Cracow.

2.2. Metallography

The directionally solidified sample was cut, using electro-
discharge machining, transversely and longitudinally, then ground
flat through 600 grit paper and was polished with diamond paste.
The sample was etched in a nital to reveal the microstructure.

To reveal more detailed microstructure, the deep etching was
made in the process of electrolytic dissolution.

For the electrolytic isolation process of carbide (pro-eutectoid,
eutectoid and eutectic cementite) As an electrolyte, 0.2N HCI was
used. Electrolysis was made with the density of current of 5 to
6 mA/cm? during 5 hours [16].

This etched sample was examined using microscopy: optical
(OM) and scanning electron (SEM).

EBSD technique phase map and analysis of phase were made.
The Electron Backscattered Diffraction measurements were made
in Institute of Metallurgy and Materials Engineering - Polish
Academy of Sciences in Cracow.

3. Results and discussion

3.1. Microstructures

Figure 2 show the rod sample with marked growth direction.

Growth direction

Fig. 2. Researched sample
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The fracture surfaces of directionally solidified eutectic alloy
in the Figures 3 and 4 is represented. Figure 5 show
microstructure on longitudinal section.

Figure 6 show EBSD measurements. Figures 710 show
transverse section of eutectic and Figures 8+10 after the
electrolytic isolation.

Fig. 5. Longitudinal section showing the microstructures of
white eutectic, v=83,3 um/s, G=33,5 K/mm, nital, SEM

The fracture surfaces (Figs. 3, 4) are provided, because they
show the presence of lamellar structure very well. The lamellar
cementite plates are parallel to each other and to the direction of
the solidification. Lamellar Fe3C grow easily along the heat flow

Fig. 3. Fracture surfaces of directionally solidified Fe-4,25%C direction.

composites with average lamellar spacing of 8,25 pm, SEM In Figure 4 fracture surfaces were probably formed due to too
long and intense etching as one of preparation techniques. This

led to the removal of the second component of the structure,
which can be seen in Figure 5. In Figure 4, only one component
of the structure - cementite is visible. It has a lamellar shape with
numerous discontinuities in the form of rounded, oval holes. In
These discontinuities are indicated by arrows.

Micrographs showing lamellar microstructure along and
throughout the cross-section of an alloy, directionally solidified,
with composition Fe - 4,25% C are grown at 83,3 pum/s
(300 mm/h) and G=33,5 K/mm.

In longitudinal section (Fig. 5), the longitudinal bright
precipitates are visible. The direction of their alignment is in the
line with direction of solidification. Between these precipitates
there are fine structures.

EBSD studies (Fig. 6) show that this fine structure is a
pearlite, while longitudinal bright precipitates are the iron carbide
- cementite [17].

Figure 7 presents a transverse section of the microstructure at
v =83,3 pm/s using Optical Microscope. Characteristic triangular
areas were observed growing along the axis of the cylindrical
_._.,_.),, sample. In these triangular areas, individual eutectic grains are
parallel to each other.

The process of electrolytic dissolution revealed the existence
_> of characteristic “agglomerates”- grains of cementite visible in

Ao St 3 transverse section. The Figure 8 shows that these grains adjust to
Fig. 4. Fracture surfaces of directionally solidified Fe-C eutectic each other through specific teeth. This can be seen precisely after
alloy, SEM the removal of pearlite after the electrolytic isolation (Figs. 8+10).
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Fig. 6. Microstructure of white eutectic: a) SEM image,
b) phase map (EBSD), c) analysis of phase (EBSD), v=300 mm/h

Inside the obtained fissures, layered growth of cementite
(Figs. 9, 10) can be observed. This layers of cementite were
formed inside visible “agglomerates — blocs”. These blocks are
separated by austenite fissures.

Cementite layers, also visible in Figure 4, are characterized by
unsmooth surface — many discontinuities might be observed.

Fig. 7. Microstructure of transverse section of white eutectic,
v=83,3 um/s, G=33,5 K/mm, magn. 50x, OM
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Fig. 8. Transverse section after electrolysis of eutectic,
v=83,3 pny/s, G=33,5 K/mm, SEM

These discontinuities are where the austenite rods grew. Under the
microscope only the transverse sections of the austenite rods can
be observed. They are shown as dark, round-shaped figures on
white substrate (cementite). After etching the iron phase is dark as
it has decomposed to a fine pearlite structure.
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Fig. 9. Transverse section after electrolysis of eutectic,

v=83,3 um/s, G=33,5 K/mm, SEM

Fig. 10. Transverse section after electrolysis of eutectic,
magnification of rectangle from Figure 9, v =83,3 um/s, G=33,5
K/mm, SEM

4. Conclusions

Fe -4,25% C alloy was directionally solidified at a constant
temperature gradient of G = 33,5 K/mm and growth rate of
v = 83,3 um/s. Regular eutectic structure was obtained.

Microscopic observation after electrolytic extraction indicates
that the longitudinal grains of eutectic cementite have been

obtained. These grains are characterized by layered construction
with many round discontinuities.
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