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Effect of High-Energy-Density Pulse Current on Solidification

Microstructure of FeCrNi Alloy
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High energy density pulse current (HEDPC) treatment was used to refine the solidification microstructure of the
austenite-ferrite two phases Fe70Cr18Nil2 alloy. It show that the austenitic grain size of the alloy can be reduced in two
orders of magnitude to 0.6 um from 120 um, and the size of the ferrite phase can be refined to nanometer scale after the
HEDPC treatment; the suitable start temperature of the HEDPC treatment is at about melting point of the alloy, the
HEDPC treatment can change the relative content of austenite and ferrite phases of the alloy.
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INTRODUCTION

The electromagnetic field has been widely used in
industry because of its high efficiency, economic benefits
and cleanliness. The current can affect the following as-
pects of the solidification microstructure of metal: refining
solidification microstructure, eliminating macro segrega-
tion, increasing content of alloying elements within grains,
decreasing residual stress, avoiding cracks and improving
surface quality [1 — 3].

An Indian scholar named Mistra published the earliest
report about the effect of an electromagnetic field on
solidification microstructure of metal in 1986. He let
40 MA/cm” direct current pass through liquid PbggSbsSn,
eutectic alloy and Pbg;Sb,Sn; sub-eutectic alloy and found
that the microstructure of the alloys was fined after
solidification [4]. Afterwards, Nakada. let pulse current
pass through SngsPbs alloy and found that beyond the
refinement of the solidification microstructure, there was a
change from dendritic crystal to spherical crystal [5].
Barnak. tested the influence of the HEDPC on the
solidification microstructure of PbgSbyy and Pbg;Sbs;
alloys. His result proved that pulse current could increase
overcooling degree of metal, and reduce the eutectic grain
size, moreover, the grain size decreased with the increase
of pulse current density [6]. Later, the same conclusion
was obtained by applying this technique to A1 alloys[3, 7].

From the view of the results on this research area
[3 —9], most materials applied for the study were metal
with low melting point, also the employed current density
was low, thus, the test is easier. For high melting point
metal or alloy, such as iron and steel materials, and for
HEDPC the test is more difficult. And also it has more
requirements for experimental equipment, all of these
increases the difficulty of study. The present investigation
aimed at studying the influence of pulse current on the
solidification microstructure of Fe70Cr18Nil2 alloy.

EXPERIMENTAL

A HEDPC equipment and a crucible furnace with a
bottom door were designed and made. The HEDPC
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equipment consisted of three shunt capacitances with
100 puF as energy-saving device and a inductance coil used
to adjust the frequency and density of the output pulse
current. Its maximum charging voltage, the maximum
pulse current and the pulse current frequency were 40 kV,
100 kA and within 5 x 10° Hz — 100 x 10° Hz, respectively.
The crucible furnace with a bottom door is shown in Fig. 1.
The reason of using the bottom door was to raise the
cooling rate of the sample prepared and to avoid the
microstructure change of the solidified alloy caused by
slow cooling in the furnace. A pure molybdenum stick
with high-melting point and good electric conductivity was
chosen as electrode material. Argon was used as protection
gas. A TDS-3012 digital phosphorescence oscilloscope
was used to test the parameters of the pulse current in the
process of discharge. Neophot-21 optical microscope,
H-800 TEM and D/max-rB X-ray diffractometer were used
to analyze the solidification microstructure of the alloy.
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Fig. 1. Schematic drawing of crucible furnace

A FeCrNi alloy was used in this study, whose
composition (wt-%) is Cr 18.06 %, Ni 12.10 %, Fe
69.77 %, which approaches the eutectic composition of
FeCrNi ternary alloy [10]. Lots of studies indicated that it
was easy to obtain ultrafine crystallization microstructure
for eutectic composition alloy. Umeda has approved this
standpoint by exploring the effect of different cooling
condition on the solidification microstructure of eutectic
composition alloy [11]. According to the DSC curve test,



the beginning and the finishing solidification temperatures
of the alloy were at 1467 °C and 1441 °C, respectively.

Firstly, when the crucible furnace temperature was up
to 1400 °C, the bottom door of the furnace was opened and
a alumina crucible with the alloy tested put into the
furnace. Afterwards, when the furnace temperature reached
1550°C, the Mo electrode connected with the HEDPC
equipment was put into the liquid alloy. After the furnace
temperature lowered to 1470 °C, 1490 °C and 1520 °C, the
HEDPC pass through the liquid alloy and stopped at
1400 °C. In the mean time, the bottom door of the furnace
was opened to make the sample with alumina crucible and
Mo electrode drop into water together for quick cooling.
Because the discharging voltage in this study was very
high, high-temperature gas was easily punctured, therefore
a alumina tube was used to isolate the Mo electrodes which
were in high-temperature gas area of the furnace during the
experiment, so as to ensure HEDPC to pass through the
liquid alloy and avoid the loss of the energy caused by gas
spark through.

In order to investigate the effect of the HEDPC on the
solidification microstructure of the alloy, different pulse
current parameters had been taken into this study. The
experimental conditions are shown in Table 1. The size of
the specimen prepared in this study was @10 mm x 70 mm,
the specimen was sectioned along vertical, and the section
surface was polished and etched using the aqua regia to get
the solidification microstructure. The TEM specimen was
prepared following the standard grinding and ion-million
procedures.

Table 1. Pulse current parameters tested

Charging Discharging Peak Current

No. voltage frequency current density

V) (Hz) (A) (Alem’)

10x10° 1x10* 9x10° 1.1x10*

20 x 10° 1x10* 24 x10° 3.1x10*

3 30x10° 1x10* 41x10° 5.2x10*
RESULTS AND DISCUSSION

Fig. 2 shows the solidification microstructures of the
alloy before and after the HEDPC treatment. It can be seen
that the HEDPC treatment obviously refined the
solidification microstructure of the alloy, also with the
increase of the pulse current density, the austenitic grain
size of the solidification microstructure decreases. In this
study the austenitic grain size was refined from 120 pm to
0.6 um after the HEDPC treatment. The average grain size
of each specimen was measured using a standard line from
the micrograph of the alloy, counting at least 300
intercepts for each micrograph. The relationship between
the austenitic grain size and the pulse current density are
shown in Fig. 3.

The start temperature of the HEDPC treatment was
very important, which obviously affected the solidification
microstructure of the alloy. If the start temperature was
higher than the melting point of the alloy, the liquid alloy
would splatter, in that case, there were some holes in the
solidification microstructure caused by explosion in some
micrarea of the liquid alloy. The microstructure is show in
Fig. 4. Further, if the start temperature was over higher

than the melting point of the alloy, the liquid alloy would
explode, in that case, the solidification sample can’t be
obtained. The suitable start temperature of the HEDPC
treatment is at about melting point of the alloy tested.
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Fig. 2. Solidification microstructures of FeCrNi alloy under
different energy density HEDPC treatment: a — 0 A/cm’;
b 1.1x10* A/em’; ¢—3.1x10* Alem’; d—5.2x10" Alem’”
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Fig. 3. Relationship between austenitic grain size
current density for the FeCrNi alloy
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Fig. 4. Solidification microstructures of the alloy subjected to
HEDPC treatment under different start temperature at (a)
higher than melting point (1500 °C) of the alloy and (b)

about melting point (1470 °C)

The reason that the HEDPC treatment refines the
solidification microstructure of metal can be explained by
the formulation of dP = BJdL built by Nakada [5]. In this
equation B is magnetic flux density vertical current line, J
is current density, P is pressure and L is distance along
current line. It is known from the equation, when pulse
current passes through liquid metal, the instantaneous
magnetic pressure produced by pulse current is enhanced



with the increase of pulse current density J. And when the
pulse current density reaches to a certain amount, its
instantaneous pressure has far exceeded its internal
dynamic pressure, liquid alloy will be compressed over and
over again, and make it alternately move vertically to the
current direction. Moreover, the value of B and J differed
at different position, which builds up a pressure gradient
and form local velocity of flow difference. Finally it shear,
so as to impel the dendritic crystal break, thereby, refine
the solidification microstructure of metal.
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Fig. 5. TEM photo of FeCrNi alloy after HEDPC treatment with

current density at 5.2 x 10* A/cm?
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Fig. 6. X-ray diffract spectra of solidification microstructure of
FeCrNi alloy: a—0 Alem?; b —3.1 x10* A/em?

Fig. 5 gives TEM photo of the solidification micro-
structure of the alloy after the HEDPC treatment. It can be
seen that the alloy is composed of two phases, i.e. austenite
and ferrite; moreover, the ferrite has been refined to nano-
meter scale. The X-ray diffraction results of the alloy is
shown as Fig. 6, it indicates that the solidification micro-
structure of the alloy either with or without the HEDPC
treatment are austenite-ferrite two phases microstructure,
and the austenite phase is as based. But after the HEDPC
treatment, the peak positions of austenite and ferrite phases
in the X-ray diffraction spectra have been slightly replaced,
because the HEDPC treatment may change the distribution
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of the alloying elements in the alloy [3]. Additionally, it
also indicates that the HEDPC treatment changes the rela-
tive content of austenite and ferrite in the alloy, the content
of the austenite and ferrite phases is 90 % and 10 %
without the HEDPC treatment and 81 % and 19 % for the
alloy subjected to the HEDPC treatment respectively. It
maybe happened because the HEDPC treatment led to the
change of the eutectic composition of the alloy, the study
on this aspect is still in progress.

CONCLUSIONS

The HEDPC treatment can obviously refine the solidi-
fication microstructure of the Fe70Cr18Nil2 alloy, the
austenitic grain size of the solidification microstructure can
reduce two orders of magnitude to 0.6 um from 120 um,
the size of the ferrite phase can be refined to nanometer
scale.

The suitable start temperature of the HEDPC treatment
is at about melting point of the alloy tested.

The HEDPC treatment changed the relative content of
the austenite and ferrite phases in the solidification micro-
structure of the alloy.
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