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It is one of the effective ways to obtain excellent comprehensive performance of 2205
duplex stainless steel (DSS) to adjust the volume ratio and grain size of α and γ

phases. In the present paper, 2205 DSSs with micro-nano structures were successfully
prepared by aluminothermic reaction under appropriate Fe2O3 excess conditions, and
the formation mechanism of micro/nano structures was studied from the aspects of the
preparation process, element equivalent, and residual Al content. Here, the Creq/Nieq

ratio of the 2205 DSS is 2.09, indicating that the solidification mode belongs to mode F,
that is, L→ L + α→ α→ α + γ. The residual Al content and the volume percentages
of α and γ phases and their grain sizes can be controlled by reasonably adjusting
the excess percentage of Fe2O3. When the excess percentage of Fe2O3 is 5.0%,
the volume percentages of α and γ phases reach the minimum and maximum values,
respectively. However, when there is a large amount of unreacted Al in the alloy or an
inappropriate excess percentage of Fe2O3 for preparation, only the α phase is contained
in alloys.

Keywords: duplex stainless steel (2205), aluminothermic reaction casting, micro/nanocrystalline, microstructure,
transmission electron microscope

INTRODUCTION

In modern industry, the annual consumption of 2205 duplex stainless steel (DSS) has been growing
due to its excellent welding and mechanical and corrosion resistance (Wang et al., 2011; Verma and
Taiwade, 2017; Gupta et al., 2018; Rosado-Carrasco et al., 2019). It is widely used in shipbuilding,
petrochemical industry, deep sea pipeline, and other fields (Ghosh et al., 2012; Stergiou and
Papadimitriou, 2012; Yan et al., 2015a,b). However, according to the chemical composition of
2205 DSS [C: ≤0.03, Mn: ≤2.00, P: ≤0.04, S: ≤0.03, Si: ≤1.00, Cr: 21.00∼24.00, Ni: 4.50∼6.50,
N: 0.08∼0.20, Mo: 2.50∼3.50, and Fe balance (wt. %)], the contents of chromium and nickel are
relatively high, and China is a country lacking in nickel and chromium (Pariser et al., 2018). The
rapid development of the DSS industry will inevitably aggravate the shortage of raw materials.
Therefore, it is imperative to develop the DSS with low nickel, low cost, and good performance.
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For the performance of 2205 DSSs, researchers have studied
more about their corrosion resistance (Moteshakker and Danaee,
2016; Xu et al., 2017; Zhao et al., 2017). However, as a structural
material, its microstructure and mechanical properties need to
be concerned. Traditionally, the performance of 2205 DSSs is
mainly improved by heating treatment. For example, Liou et al.
(2001) studied the structure and properties of 2205 DSS with a
pre-deformation of 5% at room temperature after solid solution
and aging treatment; the results showed that transformation
from the ferrite phase (α) to the austenite phase (γ) and
the precipitation of the second phase significantly affected the
balance of strength and ductility of the alloy. Similarly, Luo
et al. (Luo and Zheng, 2011) studied the evolution of the
structure and properties of hot-rolled 2205 DSS after solution
treatment at 1050◦C/2 h and then sensitization at 850◦C at
different times and found that the tensile strength of alloy after
sensitizing for 2 h increased to 806 MPa while the elongation
decreased to 12.7%. The reason is perhaps that with the
extension of sensitization time, a large number of brittle phases
precipitated on the α/γ and α/α phase boundaries, resulting
in the reduction in plasticity. From these two examples, the
improvement of the performance of 2205 DSSs can be seen.
The control of the α/γ phase ratio is particularly important.
In addition, the heat treatment method usually causes the
precipitation of brittle phase and reduces its comprehensive
mechanical properties.

In order to achieve the balance between strength and ductility,
literature (Liu et al., 2010) reported that adding lanthanum- and
cerium-mixed rare earth elements to 2205 DSSs can improve
its mechanical properties. When the content of rare earth was
0.046%, the strength was about 780 MPa and the elongation
was about 38%, which were 3.97 and 11.67% higher than that
of materials without rare earth elements, respectively. This
is primarily because the rare earth elements dissolved in the
alloy preferentially concentrated in the grain boundary, which
inhibited the grain boundary slip and grain growth, increased the
grain boundary, increased the resistance of dislocation motion,
and then increased the steel strength. While under the effect
of external force, the strain difference between the fine grains
and near the grain boundaries was small, the deformation was
uniform, and the stress was distributed on more grains. Then, the
probability of crack propagation caused by stress concentration
is reduced, and alloys can bear larger strain before fracture
and absorb more energy during fracture, thus improving the
plasticity and toughness. Therefore, it can be observed that
grain size adjustment is a method to increase both strength and
ductility of alloys.

At present, the methods to obtain refined grains mainly
include the addition of rare earth elements (Liu et al., 2010) or
large plastic deformation (Korznikov et al., 1994; Yanushkevich
et al., 2016; Müller et al., 2019). However, economically, these
two methods are not appropriate for mass production. Based on
the research of grain size control, our research group focused
on the preparation of large-size bulk alloys with micro-nano
structure by the aluminothermic method. Through the multi-
scale structure of the alloy, the strength and toughness of the alloy
can be matched. So far, 316L and 304 austenitic stainless steels

with excellent comprehensive properties have been successfully
prepared (La et al., 2014; Shi et al., 2019).

Therefore, we will try to add Fe2O3 with different excess
percentages on the basis of theoretical raw materials, in order
to obtain nanocrystalline/microcrystalline multi-scale structure
2205 DSSs with the best morphology and ratio of α and γ phases
by aluminothermic reaction. Then, the influence of excessive
ratio of Fe2O3 on the microstructure evolution of the alloy will be
studied, which provides theoretical guidance for the preparation
of high-performance 2205 DSSs.

EXPERIMENTAL

The detailed experimental process for the preparation of 2205
DSSs by aluminothermic reaction is as follows: First, according
to its standard chemical composition and chemical reaction
equation Fe2O3 + 2Al→2Fe + Al2O3, the weight percent of the
standard reaction materials was obtained, as shown in Table 1.
On the basis of standard proportion, Fe2O3 was added in excess
percentages of 2.5, 5.0, 7.5, 10.0, and 12.5%, respectively, to obtain
a series of alloy reaction raw materials. Here, the percentage
for excessive Fe2O3 represents the percentage of Fe2O3 powder
mass that exceeds that of the standard raw material. For the
convenience of description, the excess percentage of Fe2O3 in
the standard proportion was described below as 0%. The raw
materials used in our work were all powders with a purity of =
99 wt. %. Then, the reactant powder was weighed and placed
in a tank of a QM-BP planetary ball mill. Mill balls were Al2O3
balls and the ball-to-material ratio was 1:2, the milling time was
8 h, and rotation speed was 150 r/min, the reaction material was
screened out with a sieve and then compacted into 885 × 15-
mm green bodies with a press (about 35 MPa). Lastly, the green
bodies and 2 g of a sheet-like ignition agent were placed in
a mold equipped with a copper substrate of aluminothermic
reaction equipment.

Subsequently, the closed autoclave was filled with 2 MPa argon
at room temperature, and then 1.5 MPa of argon was discharged
to exhaust the air in the autoclave after a few minutes. When
the temperature was raised to 200◦C, the remaining argon was
discharged again to release water vapor and residual air. Then,
the autoclave was refilled with 5 MPa argon and the temperature
increased. As the temperature reached about 260◦C, the ignition
agent started to react and released a large amount of heat, which
caused the reaction between the reaction materials. The reaction
combustion wave quickly spread from the top to the bottom
of the reaction material, and the reactants were converted into
products in the reaction zone. Simultaneously, the products were
melted into a superheated liquid under the heat released by the
reaction itself. The furnace was cooled to room temperature
under argon. Finally, gray Al2O3 layers on the surface of 2205
DSSs were manually removed to obtain the as-cast samples.

The as-cast alloys were cut into rectangular samples of
12 mm× 12 mm× 5 mm by wire cutting. Structural analysis was
performed using an X-ray diffractometer (XRD, D8 ADVANCE,
Karlsruhe, Germany) (λCu−Kα = 0.154056 nm). After the sample
surface was corroded by aqua regia, the metallographic structure
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TABLE 1 | Standard proportion of 2205 DSS reaction raw materials.

Raw material C Mn Si3N4 Cr Ni Mo Al Fe2O3

wt.% 0.01 0.93 0.28 13.63 3.41 1.98 20.15 59.62

FIGURE 1 | X-ray diffractometer patterns of 2205 DSSs prepared with
different Fe2O3 excess percentages.

was analyzed with an optical metallographic microscope (MeF3,
Wetzlar, Germany), and the element distribution was observed
using electron probe microanalysis (EPMA-1600, Kyoto, Japan).
A scanning electron microscope (SEM, JSM-6700F, Tokyo,
Japan) was utilized to observe the surface morphology, and
energy dispersion spectroscopy (EDS) analysis was performed on
typical morphology regions. An electron backscatter diffraction
(EBSD, ztecX-Max80, Oxford, United Kingdom) probe on a SEM
(Quanta 450 FEG, Hillsboro, United States) was used to analyze
grain orientation and grain size. Further, the microstructure
was observed with a transmission electron microscope (TEM,
JEM-2010, Tokyo, Japan) operating at 200 kV. TEM samples
were thinned by electrolysis using a dual spray electrolyzer. The
electrolyte is a mixed solution of 2 vol. % perchloric acid and 98
vol. % alcohol.

RESULTS

Figure 1 shows XRD patterns of 2205 DSSs prepared with
different Fe2O3 excess percentages. When the Fe2O3 excess

FIGURE 2 | Metallographic images of 2205 DSSs prepared with different
Fe2O3 excess percentages: (A) 0%, (B) 2.5%, (C) 5.0%, (D) 7.5%, (E)
10.0%, and (F) 12.5%.

percentage is 0%, only the diffraction peak of the body-centered
cubic α phase appears, and there is no diffraction peak of the
γ phase. When the Fe2O3 excess percentage is 2.5%∼10.0%,
the patterns are mainly composed of diffraction peaks of α and
γ phases. For the excess percentage of 12.5%, only a single-
phase diffraction peak of α phase appears. In addition, for alloys
prepared with the Fe2O3 excess percentages of 2.5 and 5.0%, σ

phase diffraction peaks also appear, and the intensity of σ phase
diffraction peaks in the latter was greater.

The metallographic results of 2205 DSS prepared at different
Fe2O3 excess percentages are shown in Figure 2. When the
Fe2O3 excess percentage is 0%, the alloy consists of a gray
matrix and black particles. According to statistics of multiple
metallographic images by professional software, the gray matrix
and black particles accounted for 92.59 and 7.41%, respectively.
Combined with XRD, the gray matrix can be determined as
the α phase. For Fe2O3 excess percentages of 2.5 and 5.0%,
the alloys are composed of gray matrix and white island-
like and black particulate regions, while for Fe2O3 excess
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FIGURE 3 | EPMA backscattered electron images (BEIs) of 2205 DSS prepared with different Fe2O3 excess percentages and their corresponding element
mappings: (a) 0%, (b) 2.5%, (c) 5.0%, (d) 7.5%, (e) 10.0%, and (f) 12.5%.
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FIGURE 4 | Scanning electron microscope results of 2205 DSSs prepared with different Fe2O3 excess percentages: (A) 0%, (B) 2.5%, (C) 5.0%, (D) 7.5%, (E)
10.0%, and (F) 12.5%.

percentages of 7.5 and 10.0%, the alloy is mainly composed
of a white matrix and irregular gray phases. However, when
the excess percentage of Fe2O3 is 12.5%, the alloy is composed
of a gray matrix, white strips, and black particles, and it
can be clearly seen that the alloy structure has a preferred
orientation. According to the XRD patterns (Figure 1), it can
be preliminarily determined that the white phase area is the
γ phase; whether the black particles are all σ phase needs to
be further analyzed. Obviously, with the increase in Fe2O3
content, the volume percentage of the α phase decreases first
and then increases, while that of the γ phase increases first and
then decreases. When the Fe2O3 excess percentage is 5%, the
volume percentages of gray and white reach the lowest and the
highest, respectively.

Figure 3 shows EPMA backscattered electron images (BEIs)
of 2205 DSS prepared with different Fe2O3 excess percentages
and their corresponding element mappings, which can be used to
qualitatively analyze the distribution of individual elements in the
alloys. For the Fe2O3 excess percentage of 0% (Figure 3a), except
for the matrix α phase, there are spot-like Fe-depleted regions
in the alloy, a part of C and Cr is enriched in the Fe-depleted
region, and Al and N correspond to a spot-like enrichment. It
can be concluded preliminarily that the black particles in the
BEIs are an inclusion of AlN and CrC. When Fe2O3 is excessive
(Figures 3b–f), the spot-like Fe-depleted regions are significantly
smaller than those in Figure 3a, while in the Fe-like depleted
regions, C and Cr, Al and N, or the corresponding enrichment
of Si and C, that is, the black particles in the BEIs, are mainly
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TABLE 2 | Elemental weight percentage of typical regions in the alloys.

Excess percentage
of Fe2O3

No. Typical morphology Composition (wt. %) Phase

C Cr Ni Al N Mn Mo Si Fe

0% A Matrix 2.61 21.13 5.38 2.97 0.42 0.7 3.75 0.74 62.30 α

B Black particle 8.37 5.11 1.28 53.17 22.99 0.24 1.82 0.24 6.78 Inclusion

C Acicular phase 10.57 29.07 3.23 1.05 0.90 0.21 6.27 0.55 49.16 σ

2.5% D Matrix 2.55 21.50 4.08 1.84 0.53 0.27 5.03 0.73 63.46 α

E Lath phase 2.79 19.28 6.50 1.81 1.15 1.02 2.85 0.76 63.85 γ

F Large particle 8.33 25.31 3.90 0.74 1.77 0.32 4.36 0.38 54.89 Inclusion

G Small particle 4.02 7.00 2.00 55.65 8.01 0.72 3.18 0.28 19.15 Inclusion

5.0% H Matrix 0.66 22.78 5.14 1.12 0.43 0.75 3.27 0.57 65.28 α

I Island phase 0.87 18.87 7.43 1.18 0.64 0.58 3.00 0.52 66.86 γ

J Banded phase 11.62 33.42 3.38 0.78 0.81 0.00 8.92 0.68 40.39 σ

K Black particle 1.63 4.82 1.10 62.46 21.43 0.84 2.80 0.32 4.60 Inclusion

7.5% M Matrix 0.59 21.08 5.04 0.78 0.00 0.14 8.54 0.78 63.07 α

L Island phase 0.73 20.16 5.89 0.76 0.79 0.24 3.65 0.79 66.36 γ

10.0% N Matrix 0.23 21.25 5.05 0.41 1.65 0.59 3.40 0.96 66.49 α

O Island phase 0.34 20.60 5.84 0.38 1.71 0.40 3.41 0.89 66.67 γ

12.5% P Matrix 0.25 21.96 4.40 0.15 1.59 0.28 3.11 0.56 66.98 α

Q Island phase 0.28 21.01 5.95 0.13 2.12 0.21 3.66 0.52 67.05 γ
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AlN, CrC, and SiC inclusions. In addition, Fe-Cr-Mn or Fe-Cr-C-
Mn intermetallic compound particles also exist in some alloys. As
the excess percentage of Fe2O3 increases, the Al content gradually
decreases. When the excess percentage is 12.5%, the distribution
of Al disappears in the alloy.

Figure 4 shows SEM results of 2205 DSS prepared at different
Fe2O3 excess ratios, and the typical morphologies in each alloy
are numbered and analyzed in order. The results are listed in
Table 2. For the Fe2O3 excess percentage of 0% (Figure 4A),
comparing Figure 2A, it can be seen that the black phase on the
metallographic image is composed of black particles and white
needle-like phases, and some white needle-like phases precipitate
around the black particles. As can be seen from Table 2, the black
particles are AlN inclusion, and the white needle-like phases are
σ phases composed of Fe-Cr-C-Mo. However, element mapping
shows that Mo is uniform in the alloy, mainly because Mo is a
trace element and the content in the white needle-like phases is
not different from that in the matrix. Combining the results of
XRD, EPMA, and EDS, it can be determined that the dark gray
matrix on the metallographic image is α phase, and the black
phase is composed of AlN inclusion and σ phase. In addition,
it can be known from Table 2 that the 2205 DSS prepared in
the normal proportion is consistent with the theoretical standard
composition, except that the Al content is high.

As can be seen from Figures 4B–F, alloys prepared with the
Fe2O3 excess ratios of 2.5, 5, 7.5, 10, and 12.5% are mainly
composed of concave and convex phases. The EDS results show
that compared with the convex phase, the concave phase (matrix
phase) is richer in Cr and depleted in Ni, and Cr and Ni are
ferrite and austenitic elements, respectively. Therefore, it can be
determined that the etched concave phase is α phase, and the
unetched convex phase is γ phase. It can be known from Table 2
that the composition of 2205 DSSs prepared with excessive Fe2O3
is within the standard composition range, but the alloy contains
a certain amount of Al.

In addition to the α and γ phases, there are other typical
morphologies in the alloys, such as a small amount of small
particles with high C/Cr or Al/N content, which can be
determined as AlN and CrC inclusions. When Fe2O3 is in excess
of 5%, there is a σ phase composed of Fe-Cr-C-Mo around the
γ phase. When the Fe2O3 is excessive by 7.5%, Mo content in
the α phase is high, indicating that the α phase contains a small
amount of the σ phase, while a small amount of Fe-Cr-C-Mn
intermetallic compounds were found when Fe2O3 was excessive
by 7.5, 10, and 12.5%.

After further statistical analysis of multiple SEM pictures by
professional software, the volume fractions of α and γ phases in
each alloy can be roughly obtained. Figure 5 shows the Al content
and the volume fractions of α and γ phases (b) in 2205 DSSs
prepared with different Fe2O3 excess percentages. Obviously,
with the excessive addition of Fe2O3, Al gradually decreases.
The volume percentage of the α phase decreases first and then
increases, while the volume percentage of the γ phase shows
an opposite trend.

However, according to literatures (Chai et al., 2018; Chen et al.,
2019), EBSD and TEM analysis can obtain more information
about the structure and grain size of alloys. Therefore, the

FIGURE 5 | Relationship between the excess percentage of Fe2O3 and the Al
content (A) and the volume fractions of α and γ phases (B) in 2205 DSSs.

EBSD and TEM analysis was further performed on some typical
samples. Figure 6 shows the grain orientation, phase distribution
image, and grain size relative frequency of γ and α phases
in the 2205 DSS prepared by a 5% excess of Fe2O3. Here,
EBSD results (Figures 6a,b) explain the distribution of the
two main phases, which can be seen to be consistent with the
metallographic structures and SEM morphologies. The grain size
distribution diagrams (Figures 6c,d) also show that micro- and
nano-crystals are present in the alloy, and the grain sizes are
mainly distributed in the range of 0.25∼0.75 µm. Due to the
limited resolution of EBSD, the interpretation of smaller grains
is not very sensitive, and the presence of nanocrystalline in the
alloy requires further TEM analysis.

Figure 7 shows TEM analysis results of the 2205 DSS
prepared with a Fe2O3 excess percentage of 0%. The bright-
field image (Figure 7a) is mainly composed of white, gray, and
black areas. It can be seen that the grains in black and white
regions are microcrystallines, but the grains in the gray areas
are quite small. Figure 7b shows the corresponding selected
area electron diffraction (SAED) pattern of a bright-field image.
The calibration results showed that the nanocrystalline rings
are mainly diffraction of the α phase. Moreover, one of the
corresponding dark-field images (as shown in Figure 7c) shows
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FIGURE 6 | Electron backscatter diffraction orientation map (a) and phase map (b) of the 2205 DSS prepared with the excessive Fe2O3 of 5.0%; grain size relative
frequency of γ (c) and α (d) phases.

that the white spots are nanocrystallines. According to the
statistics of white points on several dark-field images, the volume
fraction of nanocrystals is 69.70%, and the size distribution of
nanocrystals is shown in Figure 7d, with an average grain size of
19.45 nm. In summary, bulk DSS prepared by aluminothermic
reaction is composed of nanocrystalline and microcrystalline
composite structures.

Similarly, 2205 DSS prepared with Fe2O3 excess percentage of
5% was also analyzed by TEM, as shown in Figure 8. Obviously,
the black and white areas in the bright-field image (Figure 8a) are
microcrystal areas. The gray area is nanocrystalline. Figure 8b
is the SAED pattern corresponding to the bright-field image,
and the white bright spots in the corresponding dark-field image
(Figure 8c) are also nanocrystals. According to grain size statistics
of nanocrystals (Figure 8d), the average grain size is about
20.90 nm and the volume fraction is 74.2%. It can be seen that
the 2205 DSS prepared with excessive Fe2O3 is still composed of
a micron and nanocrystalline composite structure.

DISCUSSION

Formation Mechanism of Nanocrystalline
and Microcrystalline Composite
Structure
During the preparation of alloys, the adiabatic temperature
(about 3000 K) released by the aluminothermic reaction is

much higher than the melting point (about 1200 K) of 316L
stainless steel and the by-product Al2O3. Therefore, the alloy and
the Al2O3 melt have been overheated and cannot be provided
by heterogeneous nucleation sites. Thus, all liquid products
crystallize and solidify in a homogeneous nucleation manner on
a highly thermally conductive Cu substrate (La et al., 2006, 2013,
2010). According to the relation between uniform nucleation
rate and super cooling degree (Frank, 1952), it can be known
that the nucleation rate of a liquid metal is very low below the
effective nucleation temperature but increases sharply at a certain
temperature. Therefore, at the initial stage of crystallization,
the nucleation rate is very low, and the critical nucleus radius
is large, but this part of grain takes longer to grow, which
grows into micron phases after the solidification. While the
temperature drops to a certain value, the nucleation rate increases
and the critical nucleation radius decreases; furthermore, the
cooling rate of the melt is high due to the high thermal
conductivity of the copper substrate. Subsequently, the viscosity
of the melt is high, the atomic diffusion speed is slow, and
the grains cannot grow up quickly, thus obtaining nanoscale
α phase grains.

Formation Mechanism of Organizational
Structure
From the structural analysis, it can be seen that most of the
alloys are not a single α phase, but there is a transition from
α to γ phase, and the organization is a mixture of α and γ
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FIGURE 7 | Transmission electron microscope results of the 2205 DSS prepared with the excessive Fe2O3 of 0%: (a) bright-field image, (b) selected area electron
diffraction, (c) dark-field image, and (d) size distribution of the crystal grains.

phases at room temperature. This can be understood from the
following perspective.

Generally, the phase equilibrium designed in DSS is
determined according to the Schaeffler phase diagram and the
Delong diagram derived subsequently. Therefore, Cr equivalent
(Creq) and Ni equivalent (Nieq) are proposed. Creq converts the
ferritizing elements (such as Cr, Si, Mo, etc.) into the sum of
several Cr according to their ferritization intensity. Similarly,
Nieq converts austenitizing elements (such as Ni, N, Mn, etc.) into
the sum of several Ni based on their austenitization intensity.

According to the Creq/Nieq ratio, the solidification mode of
stainless steel can be divided into the following four categories
(Rajasekhar et al., 1997; Li et al., 2005):

Model A: Creq/Nieq < 1.25, the solidification mode is
L→L+ γ→γ;

Model AF: 1.25 < Creq/Nieq < 1.48, the solidification mode is
L→L+ γ→L+ γ+ α→γ+ α;

Model FA: 1.48 < Creq/Nieq < 1.95, the solidification mode is
L→L+ α→L+ α+ γ→α+γ;

Model F: Creq/Nieq > 1.95, the solidification mode is
L→L+ α→α→α+γ.

In this work, according to the design composition of 2205 DSS,
Creq and Nieq can be calculated as follows:

Creq = Cr%+Mo%+ 1.5Si%+ 0.5Nb% = 25.61
Nieq = Ni%+ 30C%+ 30N%+ 0.5Mn% = 12.25
That is, Creq/Nieq = 2.09 > 1.95, which belongs to the model F.

Namely, at the beginning of solidification, the high-temperature
α phase precipitates from the liquid phase firstly. After the liquid
phase is completely transformed into the α phase, the γ phase
begins to precipitate, and the structure is a mixture of α and γ

at room temperature.
In addition, it can be seen from the SEM images that with

the occurrence of the aluminothermic reaction, impurities and
intermetallic compounds precipitated on the α phase and the α/γ
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FIGURE 8 | Transmission electron microscope results of the 2205 DSS prepared with the excessive Fe2O3 of 5.0%: (a) bright-field image, (b) selected area electron
diffraction, (c) dark-field image, and (d) size distribution of the crystal grains.

phase boundaries, such as AlN, CrC, SiC, Fe-Cr-Mn, and Fe-
Cr-Mo. There are two reasons for this: Firstly, the raw material
powders of 2205 DSS were melted due to the high heat released
during the aluminothermic reaction, but Cr and C, Al and N can
be easily combined to form Cr-C compounds and AlN inclusions
(McKee, 1986; Lückl et al., 2018). Secondly, due to the low
atomic density in the α phase lattice, the diffusion rate of alloying
elements in the α phase is faster than that in the γ phase, so
it is easy to form intermetallic compounds. Moreover, Cr and
Mo are enriched in the α phase, leading to the precipitation of
the σ phase on the boundary between α and γ phases (Chen
and Yang, 2001; Chen et al., 2002; Huang and Shih, 2005;
Chan and Tjong, 2014).

Effect of Al on the Formation of
Organizational Structure
For the 2205 DSS prepared by the aluminothermic reaction, it
should also be noted that the influence of Al on the structure

cannot be ignored. Al is not included in the standard component
of 2205 DSS, but it is a ferritizing element. Therefore, Al
introduced due to incomplete aluminothermic reaction will
inevitably increase Creq and correspondingly decrease Nieq. As
can be seen from the Schaeffler phase diagram, this will inevitably
lead to an increase in the volume percentage of the α phase.

In the present paper, when Fe2O3 excess percentage is 0%, the
red Fe2O3 is found in the residue of Al2O3, indicating that the
aluminothermic reaction is incomplete. The reason is that the
atomic diffusion is slow and the kinetic process is affected during
the reaction process. Meanwhile, the high thermal conductivity
of the copper substrate leads to the rapid cooling rate of the melt
and the insufficient heat of the subsequent reaction. Thus, a part
of Al will be dissolved in the alloy, while unreacted Fe2O3 is
precipitated together with Al2O3. Namely, 2205 DSS contains Al.
Moreover, the content of Ni and N is small, which shows a weak
balance effect of the γ phase. Finally, the alloy only contains the
α phase.
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With the increase in Fe2O3, Al will gradually decrease, which
will promote the transformation of the α to γ phase in the alloy.
The volume fraction of the α phase will decrease accordingly.
However, the volume fraction of the α phase does not decrease
monotonically with the excess ratio of the Fe2O3 or Al content;
the minimum value is obtained when the excess percentage of
Fe2O3 is 5%. This is because the solidification mode of 2205 DSS
belongs to mode F, that is, L→ L+ α→ α→ α+ γ. When there
is a larger excess percentage of Fe2O3, unreacted Fe2O3 needs to
absorb heat with the precipitation of Al2O3, which reduces the
aluminothermic reaction temperature. Furthermore, the copper
substrate has a high thermal conductivity, and the melt has a fast
cooling rate, resulting in a shorter phase transition time and the
insufficient transformation of the α to γ phase. Therefore, when
the excess percentage of Fe2O3 is greater than 5%, the α phase
gradually increases and the γ phase gradually decreases.

CONCLUSION

In the present paper, 2205 DSSs were prepared by
aluminothermic reaction, and the formation mechanism of
micro/nano structures was studied from the aspects of the
preparation process, element equivalent, and residual Al content.
The main conclusions are as follows.

(1) A micro-nanocrystal composite structure can be obtained
in 2205 DSSs by aluminothermic reaction under
appropriate Fe2O3 excess conditions.

(2) The ratio of Creq/Nieq in the alloy is 2.09, indicating that
alloys belong to model F solidification, and their phase
transition mode is L→ L+ α→ α→ α+ γ.

(3) The residual Al content and the volume percentages of
α and γ phases and their grain sizes can be controlled
by reasonably adjusting the excess percentage of Fe2O3.
When the Fe2O3 excess percentage is 5.0%, the volume
percentages of α and γ phases reach the minimum and
maximum values, respectively. However, as the excess
percentages of Fe2O3 are 0% and 12.5%, alloys consist
mainly of a phase.
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