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An accelerated aging assisted by electric current

in a Fe-Mn-Al-C low-density steel
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Abstract: An aging method assisted by electric current was applied to a Fe-18Mn-9AI-1C (wt.%) low-density
steel. It improves the microstructure and therefore significantly increases both the yield strength and ductility of
the steel. This current-assisted aging method can increase the yield strength by 178 MPa and elongation by 1.16
times in only 0.5 min at 450 °C. However, the yield strength is increased only 90 MPa by the traditional aging
method (heat conduction) at 450 °C for 180 min, and the elongation is even decreased from 42.0% to 31.6%. The
obvious improvement in yield strength by the current-assisted aging for a short time is resulted from the fact that
the current-assisted aging promotes a rapid precipitation of nano-scale k-carbides in y-austenite by reducing the
thermodynamic barrier and accelerating the atomic diffusion. This work demonstrates that this current-assisted
aging method is significantly time saving and cost-effective for low-density steels, with potential for various

industrial applications.
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1 Introduction

Owing to the demand for energy saving and consumption
reduction, austenite-based Fe-Mn-Al-C steel with low-
density and excellent mechanical properties has been
attracting a lot of attention 131 1n this low-density steel,
precipitation strengthening by nano-scale intragranular
k-carbides is an important method to increase the yield
strength ') but the ductility would be significantly
reduced if coarse k-carbides are formed at grain

boundaries !

"B Therefore, the adjustment of «-carbide
precipitation plays an important role in obtaining
excellent comprehensive mechanical properties of low-
density steel.

Aging treatment in the temperature range of 450-650 °C
has been proved to promote the precipitation of nano-
scale k-carbides and improve the strength of low-density
steels without significant adverse effects on the plasticity "*.
However, in order to improve the strength of steels

significantly, a long holding time is required for the
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traditional aging process (heat conduction), which
leads to low production efficiency and high energy
consumption. For example, it took 12 h to increase yield
strength by 500 MPa at 450 °C in an austenite-based
Fe-28Mn-9Al-1.8C low-density steel '*. Therefore,
it is necessary to find an efficient and low-energy-
consumption aging method to improve the mechanical
properties of low-density steel.

As an alternative to traditional aging, an aging method
assisted by electric current, which rapidly heats the sample
to target temperature and holds it for a short time, has

attracted a lot of attention !"*'®

1 Wang et al. " revealed
that the Cr-rich lamellae and Cr-rich precipitation with
various shapes could be precipitated in a Cu-Cr-Zr
alloy by direct current-assisted aging at a lower
temperature than traditional aging, due to improvement
of the diffusivity and mobility of vacancies. He et al. *”
found that the peak yield strength of 7B04 aluminum
alloy could reach 655 MPa after direct current-assisted
aging at 120 °C for 12 h, while for traditional aging
treatment, it needed 24 h to reach the similar value of
632 MPa. This difference was attributed to the higher
Zn-rich precipitation density of current-assisted aged
samples in the Guinier-Preston II zones. Both the
examples demonstrated that applying electric current
in aging could promote precipitation of the Cr-rich and
Zn-rich phases and improve microstructure at a lower
temperature and in a shorter time compared with the
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traditional aging. But few relevant studies on low-density
steels have been reported.

In this work, the austenite-based Fe-18Mn-9Al-1C low-density
steel was prepared by centrifugal casting. The aging assisted
by electric current was then carried out, and its effect on
microstructure and properties of the steel was investigated and
compared with that by the traditional heat aging. The aging
mechanism was also discussed.

2 Experimental procedure

The Fe-18Mn-9A1-1C (wt.%) steels were prepared by centrifugal
casting under near-rapid solidification in an argon atmosphere.
Firstly, pure iron (99.99%), pure manganese (99.9%),
pure aluminum (99.9%) and high-purity graphite (99.8%) were
melted in a cold-crucible levitation melting setup, and then
an ingot was obtained. Then, the alloy ingot was re-melted
by induction melting, and the molten metal was poured into
a copper mold rotating at 600 rpm through a graphitic funnel
and solidified in a few seconds (the calculated cooling rate was
about 5x10° °C-s" "), Finally, a steel strip with the size of
60 mmx80 mmx2.5 mm was obtained. The schematic
illustration of centrifugal casting equipment is shown in Fig. 1 %",
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Fig. 1: Schematic illustration of centrifugal casting
equipment #1

Both the aging assisted by electric current (EA) and traditional
method (TA) were carried out for the steel samples. Previous
studies ** have shown that aging at 450 °C contributes to the
K-carbide precipitation in y-austenite, so the aging temperature
was set to 450 °C. Figure 2(a) shows the schematic diagram
of the two aging methods. When the low-density steel samples
were aged by EA, both ends of the samples with a size of
53 mmx30 mmx1 mm were connected to the electrodes, as
shown in Fig. 2(b). The sample was heated to 450 °C in 1 min
and held for different times (0.5, 3, 6, 12, 18, 24 and 30 min),
then, quick cooling was achieved by argon gas flow. The
cooling rate was ~100 °C-s"'. K-type thermocouples were
directly welded on the sample surface to measure the
temperature change. In the isothermal stage, the voltage was
about 1 V, the current was around 35 A. The TA treatment
was carried out in a resistance furnace and heated by heat
conduction. The heating time of the TA method was 90 min
and the aging time was 12 min, 60 min and 180 min; the
cooling time in the furnace was about 4 h.

The composition of the studied steel was measured as
Fe-18.13Mn-9.11A1-0.98C (wt.%), by using an Inductively
Coupled Plasma Mass Spectrometry (ICP) and a CS2800
carbon-sulfur analyzer. Phase constitution was characterized
by an X-ray diffraction (XRD, D/Max-2200, Cu target
operated at 40 kV and 40 mA) with a scanning rate of 4°-min™.
Microstructure was characterized by a scanning electron
microscope (SEM, Phenom Pro). SEM samples were prepared
by electrolytic polishing using the solutions of 10vol.%
perchloric acid and 90vol.% alcohol. Transmission electron
microscopy (TEM) was performed using a JEOL-2010F
microscope operated at 200 kV. At least three tensile tests were
carried out at room temperature using a MTS 44 machine to
measure mechanical properties of each condition. The gauge
size of the tensile samples was 20 mmx4 mmx1 mm, and the
strain rate during tensile testing was 2.5x10™ s™.

(a) — EA (b) /Copper electroda\
0.5-30 12-180 _

O 450f —W— —TA \

° | e £

3 ) s

s |3 il

g | s

s | m 'l e

= e
’ oottt m
; Sample Ar,
01 90

Time (min)

Vacuum furnace chamber

Fig. 2: Schematic diagram of electric current (EA) and traditional method (TA) processes (a),
and the rapid aging equipment with electric current (b)

3 Results

3.1 Microstructure

Figure 3 shows the XRD patterns of the as-cast and aged
samples. It can be seen that all the steel samples mainly consist
of y-austenite and d-ferrite. With increasing the aging time, the
intensities of all the diffracted peaks corresponding to d-ferrite
phase have no obvious change in both EA and TA cases, as
shown in Fig. 3.
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Figure 4 shows the SEM micrographs of as-cast and aged
samples. Figure 4(a) shows that in the as-cast steel, short
rod-shape d-ferrite and irregular shape d-ferrite distribute in
v-austenite matrix. After TA and EA treatment, the morphology
of the low-density steels has no significant change, as shown
in Figs. 4(b-f). However, after careful analysis on the end
of &-ferrite, as shown by the dotted line in Fig. 4(f), it can
be found that the original sharp ends tend to be smooth after
EA treatment. This phenomenon is related to the local Joule
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heating effect of electric current *>**, The average volume
fraction of d-ferrite was measured at ten different sites by
using an image processing software (Image-Pro Plus, IPP), and
the measured results are also shown in Fig. 4. After TA and EA
treatment, the volume fraction of é-ferrite in the samples has
no clear change.

3.2 Mechanical properties

Figure 5 shows the mechanical properties of the as-cast and aged
Fe-18Mn-9Al-1C steels. For the samples aged by EA method,
the yield strength (YS) is increased by about 178 MPa after aging
at 450 °C for 0.5 min. With extension of the aging time, the yield
strength shows a plateau stage without obvious change, as shown
in Fig. 5(c). When the aging time is extended to 30 min, the yield
strength decreases significantly. The elongation firstly increases
and then decreases with increasing the aging time, and reaches
the maximum of 54.5% at 12 min, which is 1.3 times of the
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Fig. 3: X-ray diffraction patterns of the Fe-18Mn-9AI-1C low-density steels with different aging method and
aging time: (a) EA; (b) TA

as-cast sample. Moreover, the ultimate tensile strength has a
peak value at 0.5 min, then decreases with increasing the aging
time, and changes little after 6 min. For the samples aged by TA
method, the yield strength gradually increases with the extension
of aging time, but only increases by about 90 MPa after aging
at 450 °C for 180 min. The ultimate tensile strength reaches
the maximum at 60 min and then decreases. The elongation
increases slightly after aging for 12 min, and further increases
to 44.7% when aging time is extended to 60 min, but decreases
to 31.6% after aging for 180 min.

3.3 Precipitated phase

As mentioned above, the current-assisted aging can greatly
increase strength and elongation of the low-density steels in a
short time, while the microstructures of the samples aged with
and without current assistance are almost the same (Figs. 3 and 4).
The k-carbide in y-austenite plays a key role in the mechanical
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Fig. 4: SEM micrographs of the low-density steels before and after TA and EA treatment: (a) as-cast;
(b) TA-60 min; (c) TA-180 min; (d) EA-0.5 min; (e) EA-12 min; (f) EA-30 min
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Fig. 5: Mechanical properties of low-density steels aged by two methods: (a) engineering stress-strain by EA;
(b) engineering stress-strain by TA; (c) strength; (d) elongation

properties of low-density steel

, so the precipitated particles
in y-austenite of the as-cast and aged steels were observed by
TEM. Figure 6 shows the k-carbides precipitates in y-austenite
of the as-cast and aged samples and Fig. 7 shows the statistical
results of the k-carbide average size and the number density.
The average size of k-carbides was obtained by measuring 100
k-carbide particles using IPP software. The number density of
k-carbides was determined by counting the number of carbides
in 100 nm’. As shown in the selected area electron diffraction
pattern taken from [110],., axis in Fig. 6, there are so many
superlattice reflection spots belonging to k-carbides, and the
dark field images also show that there are many k-carbides in the
austenitic matrix. As shown in Fig. 7, for the samples aged by
TA method, the average size of k-carbides in y-austenite changes
little after aging for 60 min, while the number density increases
from 1.07x10** m” to 1.93x10** m”. After aging for 180 min,
the average size of k-carbides is increased from 3.3 nm to
4.1 nm, but the number density slightly decreases. For the
samples aged by EA method, the average size of k-carbides in
y-austenite is increased from 3.3 nm to 4.6 nm and the number
density is increased to 2.52x10* m™ after aging for 0.5 min.
With the extension of aging time, the average size of k-carbides
tends to decreases, but the number density gradually increases.
After EA treatment for 30 min, the average size of k-carbides
in the steel is decreased to 3.8 nm, and the number density is
increased to 2.92x10** m™. Compared with the TA method, a
larger number of k-carbides are precipitated in only 0.5 min by
EA method.
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4 Discussion

4.1 Mechanical properties of aged steels

The yield strength of the steels is increased by both aging
methods, but the steel after the EA method has higher yield
strength [Fig. 5(c)]. According to Fig. 7, the average size and
number density of k-carbides significantly increase after EA
treatment for 0.5 min, which should be the main reason for
the great improvement in yield strength. The smaller average
size and number density of k-carbides in the steels after TA
treatment result in a lower strength.

The change of elongation is related to dislocation density,
size and number density of k-carbides particles '***,
Generally, the decrease of dislocation density in steels before
deformation is considered to improve the elongation, and more
precipitations lead to the decrease of elongation.

Due to the rapid cooling rate during near-rapid solidification,
the sample has a high thermal stress, which results in a great
number of dislocations in the as-cast steel. Dislocation density
can be estimated according to the Williamson Hall method and

27,28
expressed as 7>

2\3¢

= 1
== (M
where b is the Burch vector, d is the grain diameter, and ¢ is
the micro stress. ¢ is determined by the slope of the liner fit
plot of fcosf-4sinf, where £ is the half-width of the XRD
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Fig. 6: TEM DF micrographs of k-carbide in low-density steels: (a) as-cast; (b) TA-60 min; (c) TA-180 min;

(d) EA-0.5 min; (e) EA-12 min; (f) EA-30 min
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Fig. 7: Average size (a) and number density (b) of k-carbides

diffraction peak for y-austenite (111), (200), (220), 0 is the
Bragg angle of the X-ray diffraction peak. The calculation
results of dislocation density are shown in Fig. 8, in which an
obviously decrease of dislocation density occurs in the steels
after EA treatment. This is the result of the drifting electrons
exerting an extra pushing force on the dislocation during the
aging with electric current **, and this force can accelerate the
dislocation annihilation """, The rapid decrease of dislocation
density is beneficial to the increase of elongation.

According to Fig. 7, the k-carbides in the steel after
EA treatment are relatively larger and greater in number,
which should not be conducive to plasticity. However, the
EA treatment makes the k-carbides at grain boundary finer
compared with the k-carbides in the steels after TA treatment,
as shown in Fig. 9. The average size of k-carbides at the grain
boundary was measured by using IPP software. The average
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Fig. 8: Dislocation density in austenite of the steels

after EA and TA
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Fig. 9: TEM DF micrographs of y-austenite at grain boundary in the steels: (a) EA-12 min; (b) TA-60 min

size of k-carbides at the grain boundary in the steel after EA
treatment for 12 min is only 4.8 nm, while that after TA treatment
for 60 min is 8.3 nm. Smaller intergranular k-carbide size after
EA treatment makes the steel achieve better elongation.
Although dislocation reduces, the elongation significantly
reduces after EA treatment for 30 min. One reason is due to
the increase in the k-carbide number within grains in steel. The
other reason is that the high angle grain boundaries caused by
current could also result in the decrease of elongation ™3,
Waryoba et al. ®” found that the number of high angle grain
boundaries in the Zircaloy-4 alloy was increased after electric
current annealing at 135 °C for 10 min, which could effectively
increase grain boundary strengthening but greatly decrease
the elongation ">, Therefore, due to the rapid decrease of
dislocation density in the steel by EA treatment, the elongation
of the steel after EA treatment for a short time increases. When
the aging time is prolonged, the more precipitation and high
angle grain boundaries lead to the decrease of elongation.

4.2 Aging mechanism of electric current

As mentioned above, a shorter aging time with electric current can
achieve higher yield strength and simultaneously better plasticity.
Therefore, this aging method by electric current is a rapid and
efficient aging method to improve the mechanical properties of
low-density steel. Due to the aging temperature of the two aging
methods being the same, the Joule heating alone is not enough
to explain the above precipitation phenomenon by EA treatment.
The enhancement of precipitation should be due to the change
of activation free energy caused by electric current '* " When a
current is applied to the material, the current increases the total
free energy of the system. At this point, the nucleation rate /, can
be approximated as ©"*":

D AG, + AG. )

Iezlo(?)exp(— T

@
where [, is a constant related to kinetic factor, A, D, k and T
are jump distance, diffusion coefficient, Boltzmann constant
and absolute temperature, respectively. AG, is the free energy
to be required for nucleation without current, and AGy is the
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free energy associated with current. According to Eq. (2),
when there is no current passing through the sample, AG..=0,
the free energy required for nucleation is AG,. When there is
current passing through the sample, the free energy required
for nucleation becomes AG=AG,+AGy.. The precipitation of
k-carbides improves the conductivity of y-austenite matrix,
AGye<0 P¥* 5o AG<AG,. The free energy required for
k-carbides nucleation is lower in EA samples, therefore, the
nucleation rate of k-carbides is increased.

Generally, the growth and coarsening of precipitates are
controlled by atomic diffusion “”. According to the theory
of electromigration, fast-moving electrons can increase the
diffusion rate of atoms when an electric current is applied *'.
The atomic diffusion flux J, caused by the electric current

effect can be expressed as ™" *:

D,

ﬁexp(ﬂ)Z*epj 3)

J :Ci
¢ kT

where C; is vacancy concentration, D, is pre-exponential diffusion
factor, E, is the activation energy for diffusion, k is Boltzmann
constant, 7' is absolute temperature, Z* is effective charges, e is
charge, p is electric resistivity, and j is electric current density. In
the thermal field, according to Fick's law, the atomic diffusion flux
J, caused by concentration gradient can be expressed as:
B oC; )
Ox

J, :Di(

C

“4)

where D, is diffusion coefficient, C; is atomic volume

concentration, oC; is concentration gradient, and the '-' indicates
Ox

that the diffusion direction is opposite to the concentration
gradient. Combining diffusion law with electromigration
theory, the total diffusion flux (J) of atoms under the coupling
action of thermal field and electric field can be described as
J=J+J.. Therefore, when the current is applied to the sample,
besides the concentration gradient, the nonthermal effect of
the current will also affect the atomic diffusion at the same
temperature. Compared with TA treatment, the atomic diffusion
flux generated by the nonthermal effect of current causes the
k-carbides to grow rapidly after precipitation.
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However, the size of k-carbides tends to decrease beyond
some aging time, which was also observed by Xu et al “*', The
reason is analyzed as follows: The precipitation of k-carbides
introduces a surrounding elastic strain field due to the lattice
mismatch with the matrix . This elastic stress can increase the
resistivity of the conductor ), which can lead to nonuniform
distribution of current and a local intensifying current effect.
Lu et al. “*” found that electric pulse could dissolve lamellar
k-carbides at a lower temperature. Therefore, it is possible
that the precipitation and dissolution of k-carbides coexist
in the aging process assisted by electric current. In the steel
with a short aging time by electric current, the precipitation of
k-carbides is dominant. From 0.5 min to 30 min, the dissolution
of the growing k-carbides frequently occurs, resulting in a
decrease in the size of k-carbides from 4.6 nm to 3.8 nm.

In short, under the coupling of thermal and nonthermal effects
of electric current, rapid precipitation of nano-scale k-carbides
and decrease of dislocation density simultaneously increase
aging strength and plasticity in a short time after EA treatment.
With the precipitation and growth of «k-carbides, the distribution
of the current becomes nonuniform, resulting in the enhancement
of local thermal effect by current "' '*). The local thermal
effect of current results in the dissolution of coarse k-carbides
and the reduction of k-carbide size ", The size of k-carbides
tends to decrease, but the number increases further. Therefore,
the average size of k-carbides after EA treatment for 30 min
is slightly smaller than that after TA treatment for 180 min.
While the growth of k-carbides is inhibited, dislocation density
decreases rapidly, so that aging strength enters a platform period
from 0.5 min to 24 min during EA treatment. At the same time,
the decreased dislocation density causes plasticity to increase
in the early stage of EA treatment, and elongation reaches its
maximum at 12 min. But with the increase of the number of
r-carbides and the reduction rate of dislocation density slowing

down, the plasticity gradually decreases **°'".

5 Conclusions

In this work, an aging method assisted by electric current was
investigated in a Fe-18Mn-9AI-1C (wt.%) low-density steel,
and its microstructure and mechanical properties were compared
with those of the traditional aging method. According to the
experimental results, the following conclusions could be drawn:

(1) The electric current assisted aging treatment at 450 °C for
0.5 min can increase the strength of Fe-18Mn-9Al-1C low-density
steel by 178 MPa and simultaneously, the elongation by 1.16
times. While, at the same aging temperature, the strength of the
alloy only increases by 90 MPa by traditional aging treatment
although for a long time of 180 min, and the elongation is
decreased.

(2) A great number of k-carbides precipitate from y-austenite
and the size and number density of the k-carbides increase
significantly after electric current assisted aging treatment at
450 °C for 0.5 min. With the extension of aging time, the size
of k-carbides decreases, but the number density increases. In

addition, the number density of k-carbides is much higher in the
low-density steel after electric current assisted aging treatment for
0.5 min than that after traditional aging treatment for 180 min.
(3) The electric current assisted aging treatment increases
the k-carbide content by promoting atomic diffusion in
austenite, reducing the thermodynamic barrier of k-carbide, and
accelerating the elimination of dislocations, which causes the
low-density steel to show a better comprehensive performance.
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