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Effect of annealing treatment on microstructures
and properties of austenite-based Fe-28Mn-9Al-0.8C
lightweight steel with addition of Cu
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Abstract: The mechanical properties of an austenite-based Fe-Mn-Al-C lightweight steel were improved by
co-precipitation of nanoscale Cu-rich and k-carbide particles. The Fe-28Mn-9AI-0.8C-(0,3)Cu (wt.%) strips were
near-rapidly solidified and annealed in the temperature range from 500 °C to 700 °C. The microstructure evolution
and mechanical properties of the steel under different annealing processes were studied. Microstructural analysis
reveals that nanoscale k-carbides and Cu-rich particles precipitate in the austenite and ferrite of the steel in this
annealing temperature range. Co-precipitation of nanoscale Cu-rich particles and k-carbides provides an obvious
increment in the yield strength. At the annealing temperature of 600 °C, both the yield strength and ultimate
tensile strength of Fe-28Mn-9AI-0.8C-3Cu (wt.%) steel strip are the highest. The total elongation is 25%, which
is obviously higher than that of Cu-free steel strips, for the addition of Cu reduces the large sized k-carbides
precipitated along austenite/ferrite interfaces. When the annealing temperature rises to 700 °C, the strength and
ductility of the two steel strips deteriorate due to the formation of massive intergranular k-carbides precipitated
along austenite/ferrite interfaces. It can be concluded that a proper co-precipitation of Cu-rich particles and
K-carbides would improve the properties of austenite-based Fe-Mn-Al-C steel.
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the application of austenite-based Fe-Mn-AlI-C steels.
Therefore, the yield strength of austenite-based Fe-Mn-

1 Introduction

Fe-Mn-Al-C steels have a great application potential Al-C steels needs to be further improved. Precipitation

in the automotive industry due to their good ductility
and formability, low density and attractive mechanical
properties '\ They are mainly used in the structural
parts of automobile body to reduce the weight of the
automobile ™'”. Austenite-based Fe-Mn-Al-C steels
have high ultimate tensile strength (700-1,100 MPa),
which is superior to ferrite-based Fe-Mn-Al-C steels
(<900 MPa), and total elongation can reach 60%.
The density can also be reduced to 6.7-7.0 g-cm™.
However, the yield strength of austenite-based Fe-Mn-
AL-C steels is low (360-540 MPa) "% which restricts

of k-carbide particles in these steels can effectively
improve the yield strength, but the strengthening effect
of k-carbides is not enough in many cases due to its low
hardening ability, especially for austenitic Fe-Mn-AI-C
lightweight steel with high Mn """,

Cu is often used to enhance the strength of steels
through the formation of nanoscale Cu-rich particles
in the matrix, and it can improve the properties of cold
formability and corrosion resistance *'**. Compared
with Mo, Ni, V and Nb, which are usually added into
Fe-Mn-Al-C steel to achieve precipitation strengthening,
the cost of Cu is relatively lower. The precipitation
strengthening of Cu-rich particles has been widely
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studied ®*. For example, Ren et al. ® reported that
fine dispersed Cu-rich particles precipitated in a super
304H steel led to an significant increase of hardness.
Xi et al. ® obtained a 316L stainless steel with high
E-mail: riversong@shu.edu.cn; riversxiao@163.com strength and good ductility by the precipitation of
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Combining the precipitation of Cu-rich particles and
another type of precipitate usually achieves a better effect
in increasing strength of steel ®*°7. Jiao et al. ** reported
an ultra-high strength steel achieved by co-precipitation
of nanoscale NiAl and Cu particles, whose tensile strength
reached 1.9 GPa. Li et al. "" obtained another ultra-
high strength steel by nanoscale Cu and Ni,Al particles
strengthening. Therefore, in this study, a method to improve the
strength of austenitic-based Fe-Mn-Al-C lightweight steels by
co-precipitation of Cu-rich particles and k-carbides is proposed.
41 showed that near net-shape method under
near-rapid solidification conditions is a simple method to produce
Fe-Mn-AlI-C steel strips with high properties. So, a centrifugal
casting method was used to directly produce the strips in this

Previous studies

work. A proper annealing treatment for Fe-Mn-Al-C steels can
promote the precipitation of intragranular k-carbide in austenite
and B, or DO, phase in ferrite, so that the alloy can achieve better
mechanical properties. The conventional annealing temperature of
Fe-Mn-Al-C steels is between 450 °C-700 °C >'***), The effect
of annealing temperature on the microstructures and properties
of the Fe-28Mn-9A1-0.8C-(0,3)Cu (wt.%) lightweight steels was
examined.

2 Experimental procedure

The nominal compositions of the studied steels are Fe-28Mn-
9AI-0.8C-(0, 3)Cu (wt.%), which are named as 0Cu and 3Cu
steel, respectively. The strips were prepared by a centrifugal
casting equipment, as shown in Fig. 1 ™. Firstly, the ingots were
prepared using a vacuum induction furnace in Ar atmosphere.
Then the ingots were remelted by an induction coil of the
centrifugal casting equipment, and the melt flowed into a copper
mould which rotated at a speed of 600 r-min”. The size of the
obtained strips is 75 mm X 60 mm x 2.5 mm, and the maximum
cooling rate was about 5x10° K-s™ ¥ Some strips were
annealed at 500 °C, 600 °C, 700 °C for 3 h by a tubular vacuum
furnace (at a vacuum of 10 Pa), and then furnace cooling to
room temperature. The chemical compositions of the strips were
measured by using inductively coupled plasma-atomic emission
spectrometry (ICP-AES), and the results are shown in Table 1.
The microstructures of the strips were examined by using a
scanning electron microscope (SEM, Hitachi SU-1500, Japan)
after mechanical polishing and chemical etching at 70 °C for 30
s in a mixed solution of supersaturated picric acid (94 mL), 10%

Ingot
Induction
coil
Draw out BN
Graphitic - baffle
funnel™]
Copper| : Rotary
mould [ platform
600 r-min”'

Fig. 1: Schematic illustration of centrifugal casting
equipment ¥
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Table 1: Measured composition of two strips (wt.%)

Steel Mn Al (o3 Cu Fe
0Cu 27.88 8.10 0.84 0 Bal.
3Cu 26.67 8.41 0.81 2.82 Bal.

hydrochloric acid (3 mL) and dodecyl benzene sulfonic acid
(3 mL). X-ray diffraction (XRD, Rigaku D/max-2200%, Cu Ka
target operated at 40 kV and 60 mA) and transmission electron
microscope (TEM, JEM-2010F operated at 200 kV, Japan)
were used to identify the phases in the strips. TEM specimens
were mechanically polished to a thickness of 50 um, cut into
a 3 mm-diameter disc and thinned by twin-jet electropolishing
in a solution of 10vol.% perchloric acid+90vol.% ethyl alcohol
at -28 °C to -32 °C with a voltage of 40 V. Tensile tests were
conducted at a strain rate of 10”°s™ at room temperature by using
MTS Criterion Model 44 with 10 kN capacity. The size of the
tensile specimens is 4 mm in guage width and 12 mm in guage
length, and at least three specimens were tested for each steel.

3 Results

3.1 Microstructure of strips

Figure 2 shows the phases of 0Cu and 3Cu steel strips
determined by XRD. It can be seen that austenite and ferrite
are the main phases in all the strips. The phase constituents of
a steel strip annealed at 500 °C for 3 h have no obvious change
compared with the as-cast strip. However, when the annealing
temperature is raised, especially at 700 °C, the diffraction peaks
at position of 26 = 41.44°/48.24° corresponding to k-carbide
are detected in both strips. This indicates that the precipitation
of x-carbide is promoted by annealing.

Figure 3 shows SEM images of 0Cu and 3Cu strips in different
conditions. Similar to the as-cast strip, the ferrite in 3Cu strip
annealed at 500 °C shows a fine banded shape [Fig. 3(f)],
whereas massive irregular bulk ferrite exists in 0Cu strips
[Fig. 3(b)]. As the annealing temperature increases to 600 °C,
the content of ferrite in the 0Cu and 3Cu samples is increased,
but its size is slightly decreased. A black precipitated phase
is observed in the ferrite near the phase boundary in the Cu-
free strip [Fig. 3(c)], which is not observed in 3Cu strips [Fig.
3(g)]- As the annealing temperature further increases to 700
°C, the black precipitated particles appear in the ferrite of both
strips, and their size becomes greater.

SEM observation in high magnification and EDS analysis
were carried out on the strips annealed at 600 °C for 3 h. The
results are shown in Fig. 4. It is found from Fig. 4(a) that a great
number of black elongated or granular particles precipitate in
the OCu strip, but few particles are observed in the 3Cu strip
[Fig. 4(b)]. According to the energy spectrum analysis, the
content of Mn and C in the precipitated phase is significantly

[33]

high, as shown in Fig. 4(c). According to the literature ", when

the annealing temperature exceeds 550 °C, a part of austenite
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Fig. 2: X-ray diffraction patterns of steel strips: (a) 0Cu; (b) 3Cu
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0Cu

Fig. 3: Microstructures of 0Cu and 3Cu strips. 0Cu: (a) as-cast; (b) 500 °C; (c) 600 °C; (d) 700 °C;
3Cu: (e) as-cast; (f) 500 °C; (g) 600 °C; (h) 700 °C
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Element  wt.% at.%
Fe 60.73 52.10
Mn 30.32 26.44
Al 6.43 11.42
[o] 2.52 10.04
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Fig. 4: High magnification SEM images of strips annealed at 600 °C: (a) 0Cu; (b) 3Cu; (c) EDS analysis of precipitation in (a)

would be transformed into ferrite and intergranular x-carbide  that the addition of 3wt.% Cu reduces the precipitation of
in some austenite matrix lightweight steels, so the black  «k-carbide along austenite/ferrite interfaces in the strip annealed
precipitation is determined as k-carbide. It can be concluded  at 600 °C for 3 h.
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3.2 Mechanical properties

Figures 5(a) and (b) show the engineering stress-strain curves
of 0Cu and 3Cu steel strips, respectively. The detailed values
for the mechanical properties including yield strength (YS),
ultimate tensile strength (UTS) and total elongation (TE) are
listed in Table 2. Results show that when 3wt.%Cu is added,
the YS and UTS of Fe-28Mn-9A1-0.8C as-cast strips are
reduced by 30-50 MPa, but its elongation increases slightly.
After annealing treatment, the strength of both Cu-containing
and Cu-free steel strips increases significantly compared with
as-cast steel strip. The increases in YS and UTS of 3Cu steel
strip are obviously higher than those of the Cu-free steel strip
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[Figs. 5(c) and (d)], which makes YS and UTS of 3Cu strip
exceed those of Cu-free strip by 30-70 MPa after annealing
at 600 °C for 3 h. However, when the annealing temperature
increases to 600 °C, the elongation of Cu-free and Cu-
containing strips clearly decreases, which should be ascribed to
the greater precipitation of k-carbide, especially the appearance
of k-carbide at austenite/ferrite interfaces. Moreover, when
the annealing temperature reaches to 700 °C, the strength
of the two steel strips is also clearly reduced. Generally, the
elongation of Cu-containing strips under the same condition
is slightly better than that of Cu-free strip except the strips
annealed at 700 °C.
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Fig. 5: Engineering stress-strain curves of strips: (a) 0Cu; (b) 3Cu; and increases in strength of

annealed strips: (c) YS; (d) UTS

Table 2: Tensile properties of Fe-28Mn-9AI-0.8C-(0,3)Cu strips under different states

YS (MPa) UTS (MPa) TE (%) YS (MPa) UTS (MPa) TE (%)
As-cast 53819 877428 35:3 490+24 843130 3816
500 °C/3 h 64115 891+13 3943 61212 862415 405
600 °C/3 h 62011 896424 1743 65317 96523 2516
700 °C/3 h 567+4 87943 2041 56642 82420 1844

3.3 TEM analysis of precipitated phases

To well understand the reason for change of the mechanical
properties, TEM was performed on the Cu-free and Cu-
containing steel strips annealed at 500 °C and 700 °C,
respectively.
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3.3.1 Strips annealed at 500 °C

Figure 6 shows the microstructures of 0Cu strip after annealing
treatment at 500 °C for 3 h. Figure 6(a) is a bright-field (BF)
image of austenite. According to a selected-area electron
diffraction (SAED) pattern of austenite taken from [110], axis,



Research & Development CHINA FOUNDRY

Vol.18 No.3 May 2021

 [110),+

[110]5+

Fig. 6: TEM images of 0Cu steel strip after annealing at 500 °C for 3 h: (a) BF image of austenite; (b) SAED pattern
along [110], zone axis from (a); (c) DF image of k-carbide particles; (d) BF image of ferrite; (e) SAED pattern
along [110]; zone axis from (d); (f) DF image of DO, phase

a superlattice belonging to k-carbide is found [Fig. 6(b)]. The
dark-field (DF) image [Fig. 6(c)] also indicates that there are
some nanoscale k-carbides in the austenite matrix. The SAED
pattern taken from the ferrite area along [110]; axis is shown
in Fig. 6(e), a diffraction spot belonging to DO, phase can be

detected. The corresponding DF image [Fig. 6(f)] illustrates
that the scaly DO, phase with a size of about 100 nm appears
in the ferrite after annealing at 500 °C for 3 h.

Figure 7 shows the TEM image of 3Cu strips annealed at
500 °C for 3 h. A superlattice of k-carbides also appears in the

[110]5+

Fig. 7: TEM images of 3Cu steel strip after annealing at 500 °C for 3 h: (a) BF image of austenite; (b) SAED pattern
along [001], zone axis from (a); (c) DF image of k-carbide particles; (d) BF image of ferrite; (e) SAED pattern
along [110]; zone axis from (d); (f) DF image of DO, phase
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austenitic matrix [Fig. 7(b)], and some granular k-carbides are
dispersedly precipitated in the matrix from the corresponding
DF images [Fig. 7(c)]. Figure 7(e) presents SAED pattern of
ferrite taken from [110]; axis, which shows there also exists a
superlattice corresponding to the ordered DO, phase in ferrite.
The size and morphology of DO; phase are similar to that of
Cu-free strips [Fig. 7(f)].

3.3.2 Strips annealed at 700 °C

Figure 8 shows TEM images of OCu strips annealed at 700 °C.
According to corresponding DF images [Figs. 8(c) and (f)], there
are two different morphologies of k-carbides in austenitic matrix
after annealing at 700 °C. Some are granular k-carbides with
size less than 10 nm, the others are large bulk k-carbides. This
suggests that the k-carbides are significantly coarsening after
annealing at 700 °C. From the SAED pattern of ferrite taken
from [110]; axis [Fig. 8(h)], there still exists a superlattice of DO,

110

2 1/nm

ordered phase, and its dark field image is shown in Fig. 8(i).

Figure 9 presents the TEM images of 3Cu strips annealed at
700 °C for 3 h. It is found that the size of k-carbides in austenite is
also greater than those of strips annealed at 500 °C, but fewer
large-bulk shape k-carbides are found in 3Cu strips after
annealing at 700 °C, as shown in Figs. 9(a) and (c), indicating
that the addition of 3wt.% Cu reduces the precipitation of coarse
k-carbides with bulk shape. Figures 9(d) and (f) show the BF and
DF images of ferrite, respectively. It can be seen that the DO,
phase in ferrite presents a water ripple shape and becomes larger
compared to that of 3Cu strips annealed at 500 °C.

3.4 EPMA analysis of Cu precipitates

The diffraction belonging to Cu precipitates is not found in
the SAED pattern of austenite. Therefore, EPMA was used to
analyze the distribution of Cu element in the 3Cu steel strip and
the results are shown in Fig. 10.

[110]5+

Fig. 8: TEM images of 0Cu steel strip after annealing at 700 °C for 3 h: (a) BF image of austenite; (b) SAED pattern
along [001], zone axis from (a); (c) DF image of k-carbide particles; (d) BF image of austenite; (e) SAED
pattern along [001], zone axis from (d); (f) DF image of k-carbide particles; (g) BF image of ferrite; (h) SAED
pattern along [110]; zone axis from (g); (i) DF image of DO, phase
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Fig. 9: TEM images of 3Cu steel strip after 700 °C for 3 h: (a) BF image of austenite; (b) SAED pattern along [001],
zone axis from (a); (c) DF image of k-carbide particles; (d) BF image of ferrite; () SAED pattern along [110];

zone axis from (d); (f) DF image of DO; phase
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Fig. 10: EPMA images of 3Cu strips: (a) and (e) as-cast; (b) and (f) annealed at 500 °C; (c) and (g) annealed at

600 °C; (d) and (h) annealed at 700 °C

The results of EPMA mapping show that there are some
large Cr-rich regions with high Cu content at the grain/phase
boundary and inside the ferrite, and some small Cu-rich regions
with slightly high Cu content in the austenite matrix. As the
annealing temperature increases, the size and number of large
Cu-rich regions gradually decrease, while the number of small
Cu-rich regions in austenite increases.

To further examine these small Cu-rich regions, a TEM equipped

with energy dispersive spectrometer (TEM-EDS) was used to
detect these regions in a 3Cu steel strip annealed at 500 °C for 6 h
(a longer annealing time to obtain more Cu-rich precipitates). It
can be found there are a lot of Cu-rich particles [black regions
in Fig. 11(a)] in the austenite matrix, and the average size of
these particles is about 45 nm. Thus it is determined that co-
precipitation of nano-scale Cu-rich and k-carbide particles is
achieved in the 3Cu strips annealed at 500 °C.
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Fig. 11: TEM-EDS of 3Cu steel strip annealed at 500 °C for 6 h: (a) mapping; (b) line scanning

4 Discussion

An addition of 3wt.% Cu decreases the yield strength
of the strip in the as-cast condition due to an increase of
austenite volume fraction. Austenite as a soft phase leads
to the decrease in strength ™. Moreover, Cu addition also
causes the increase of stacking fault energy for austenite-
based lightweight steels “*’). The increase in stacking fault
energy would reduce the width of extended dislocations which
is in favor of the climbing, cross-slip and mutual cutting of
dislocations “®!. Therefore, the increase of austenite content
and stacking fault energy of austenite matrix reduces the
yield strength of 3Cu steel strip. After annealing, the increase
in the strength of 3Cu steel strip is obvious. Under near-
rapid solidification condition, interstitial carbon atom and
substitutional Cu atom can be supersaturated in austenite and

ferrite ¥

, which means that § ferrite and y austenite are
metastable. Thus, the formation of nanoscale k-carbides and
Cu-rich particles can be promoted during annealing treatment.
Meanwhile, the increasing temperature can provide more
thermodynamic driving force for precipitation of Cu-rich
particles and accelerate the formation of these particles **,
and at the same time, other atoms are rejected from Cu-rich
particles resulting in an enrichment of these elements %%,
Thus, the formation of Cu-rich particles could promote the
precipitation of k-carbides, and the co-precipitation of k-carbides
and Cu-rich particles provides higher strengthening effect on
the strength of 3Cu steel strip. When the annealing temperature
reaches 700 °C, the strength and total elongation of the two
steel strips are decreased, which resulted by the formation of a
large number of coarse k-carbides and intergranular k-carbides
around phase boundaries. In addition, the solubility of Cu

5% which can reduce the

increases when the temperature rises
number of Cu-rich precipitates. The strengthening effect is
weakened, leading to a decline in the strength of the steel.

The total elongation of two steel strips annealed at 500 °C
increases compared with the as-cast steel strip. The reason
should be a release of thermal stress after annealing treatment ',

When annealing temperature increases, the precipitation of
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intergranular k-carbides around phase boundary can result in
crack initiation and propagation, which makes total elongation
of the strips decrease significantly ®***\. Compared with the Cu-
free steel strip, the total elongation of the Cu-containing steel
strip annealed at 600 °C is much higher. This is because the
addition of 3wt.% Cu reduces the precipitation of intergranular
k-carbides in the steel strips annealed at 600 °C.

5 Conclusions

This work mainly studied the effect of annealing temperature
on the microstructures and mechanical properties of Fe-28Mn-
9A1-0.8C-(0,3)Cu (Wt.%) steel, an austenite-based lightweight
steel strengthened by co-precipitation of k-carbides and Cu-
rich particles, prepared under near rapid solidification. The
conclusions are obtained as follows:

(1) The near-rapidly solidified Fe-28Mn-9Al1-0.8C-(0,3)Cu
lightweight steel strips mainly contain (y+38) duplex phases.
Annealing at 500 °C-700 °C for 3 h can promote the
precipitation of k-carbides in the y matrix of Cu-free steel strip
and achieve co-precipitation of nanoscale Cu-rich particles and
k-carbides in the Cu-containing steel strip. Co-precipitation of
Cu-rich particles and k-carbides provides a high increment in
yield strength.

(2) Annealing at 500 °C makes yield strength of Cu-
free and Cu-containing steels significantly increase, and
simultaneously slightly improves their ductility. A large number
of intergranular k-carbides along austenite/ferrite interfaces are
formed in Cu-free steel strips annealed at 600 °C, which make
its total elongation obviously decrease. An addition of 3wt.%
Cu inhibits the formation of the intergranular k-carbides in
Cu-containing steel strip annealed at 600 °C, causing a further
increase in strength and small decrease in total elongation. The
yield strength, ultimate tensile strength and total elongation of
the Cu-containing steel strip annealed at 600 °C are 653 MPa,
965 MPa and 25%, respectively, which are higher than those
of Cu-free steel strip. Both strength and ductility of the two
steel strips annealed at 700 °C obviously decrease due to the
formation of more intergranular k-carbides.
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