
CHINA  FOUNDRYResearch & Development

Meng-xin Wang1, Zi-xiang Wu1, Jing-yu He1, and *Xiang Chen1, 2 
1. School of Materials Science and Engineering, Tsinghua University, Beijing 100084, China 
2. Key Laboratory for Advanced Materials Processing Technology, Ministry of Education, Beijing 100084, China

1 Introduction
Stainless steel is commonly used in industrial facilities 
such as petrochemical, marine and nuclear power plants 
due to its excellent corrosion resistance as well as good 
strength and plasticity [1, 3]. As society and economy 
advance, the performance requirements for stainless steel 
have been increasing. Strength and plasticity exhibit a 
contradictory relationship, which necessitates a balanced 
approach in the design and selection of materials. 
Attaining high strength and high toughness has been a 
continuous pursuit for material researchers [4-6].

To obtain new advanced steels with higher strength 
and higher toughness, researchers have tried various 
strengthening techniques including deformation 
strengthening, grain refinement, and transformation 
strengthening, and employed the multiphase, metastable, 
and multiscale (M3) microstructure control methods [7].
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This understanding of M3 can also be used to guide 
the development of high-performance stainless steel, 
especially for stainless steel castings, as their grains are 
relatively coarse and cannot be strengthened by means of 
thermal deformation. 

Compared to single-phase stainless steels, duplex and 
multiphase stainless steels possess excellent combination 
of high strength and high toughness [8-11]. It has been 
found that the multiphase microstructure can be 
effectively strain partitioned to improve plasticity and 
toughness while ensuring high strength. In addition, the 
soft phase in the microstructure of the multiphase can 
lead to sub-crystal formation during strain partitioning, 
which can also improve the properties of the steel [12-14].
Microstructure containing metastable austenite can 
effectively hinder the crack expansion, and transform 
into martensite during deformation, producing TRIP 
effect and simultaneously improving material's strength 
and toughness [15-17]. Besides, introducing nanoscale 
precipitates into the matrix has been demonstrated an 
effective method for enhancing strength [18, 19]. Nanoscale 
precipitates can be generated by adding Cu, Al and 
Si on a multiphase basis by aging treatment, resulting 
in strengthening by nanoscale precipitations that pin 
dislocation during tensile deformation.
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Fig. 1: Nieq and Creq of MPSS in Schaeffler diagram (a) [20], and equilibrium solidification simulation of MPSS by 
Thermo_Calc software (b)

In this study, a novel cast multiphase stainless steel (MPSS) 
containing martensite, ferrite and austenite was designed 
based on the Schaeffler diagram [20] and Thermo_Calc software. 
Schaeffler diagram was initially used to study the effect of 
alloying elements on the microstructure of welding metals. 
Because of the quick and easy prediction of microstructure, 
it was subsequently promoted for stainless steel composition 
design [21, 22]. The objective of designing such a multiphase 
microstructure is to enhance both the strength and plasticity of the 
material. To modulate the microstructure, solid solution treatment 
along with aging treatment was employed. The mechanical 
properties were assessed through tensile tests conducted at room 
temperature. Furthermore, transmission electron microscopy 
(TEM) was utilized to investigate the stabilization mechanism 
of austenite as well as the impact of aging precipitation 
strengthening. Additionally, detailed investigations were carried 
out on the tensile deformation characteristics and fracture 
behavior of this multiphase microstructure to provide valuable 
insights for future advancements in multiphase stainless steels 
development.

2 Experimental materials and methods
A 10 kg MPSS ingot was prepared by vacuum induction 
melting, and its chemical composition is listed in Table 1. The 
alloy compositions listed in Table 1 were substituted into the 
Eqs. (1) and (2) [23], and the calculated equivalent Creq is 19.5, 
Nieq is 7.6. It can be seen in Fig. 1(a) that the equivalent values 
fall in the A+M+F three-phase region, predicting that the 
as-cast microstructure contains three phases: austenite, ferrite 
and martensite.

The equilibrium solidification simulation results by the 
Thermo_Calc software are shown in Fig. 1(b). It can be seen the 
δ-ferrite phase (BCC_A2) precipitates from the liquid phase at 
about 1,430 °C. As the temperature decreases, the liquid phase 
decreases and the ferrite phase increases. When the temperature 
decreases to 1,420 °C, the austenite phase (FCC_A1) starts to 
precipitate, at this time the alloy is comprised of liquid phase, 
δ-ferrite phase, and austenite phase. The NbC phase starts to 
precipitate when the temperature further decreases to around 
1,080 °C. In addition, the Laves phase starts to precipitate at 810 °C,
the ε-Cu phase (FCC_A1#3) starts to precipitate at 663 °C, and 
the G-phase starts to precipitate at 525 °C.

According to the calculated results of Thermo_Calc, the 
solid solution temperature was chosen at 1,050 °C to avoid 
the dissolution of NbC and prevent the formation of a coarse 
microstructure. The aging temperature was chosen to be 500 °C 
to form G-phase, ε-Cu and Laves phase in ferrite and martensite, 
which act as pinning dislocations to enhance strength.

The specimen used for microstructure observation was a 10 
mm cube made by wire cutting. The solid solution treatment 
of the specimens was carried out by holding it at 1,050 °C for 
0.5 h and water quenching to room temperature (abbreviated 
as S1050). After solid solution, the samples were aging 
treatmented 500 °C for 4 h and then water quenched to room 
temperature (abbreviated as AG500). The transformation of 
the microstructure during solidification was calculated with the 
help of the thermodynamic software Thermo_Calc (database: 
TCFE10) for a given alloy composition.

Tensile bars for testing mechanical properties have a 30 mm
gauge length and a 5 mm diameter. Quasi-static testing 
was performed at a tensile rate of 1 mm·min-1 using an 
electromechanical universal tensile machine (Model MTS 810).
Tensile tests were repeated three times after each heat 
treatment and the middle value was adopted as the result. The 
measurement of hardness was achieved by using a Rockwell 
hardness tester with an applied load of 100 N. At least five 
indentations were made on each specimen to check for 
reproducibility and all mechanical experiments were conducted 
at the ambient temperature. 

Table 1: Chemical composition of the experiment 
MPSS (wt.%)

C Ni Cr Mn Mo Si Cu Nb Fe

0.018 6.51 13.18 1.01 0.87 3.61 0.99 0.15 Bal.

(1)

(2)

(a) (b)

Creq= %Cr + %Mo + 1.5%Si + 0.5%Nb

Nieq= %Ni + 30%C + 0.5%Mn
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(3)

An X-ray diffractometer (XRD, D/max-2550), an optical 
microscope (OM, Zeiss-Scope. A1) and a scanning electron 
microscope (SEM, ZEISS-Merlin) were utilized to characterize 
the microstructure of MPSS. The specimen used for 
microstructure observation was firstly polished with 600 grit 
sandpaper to remove the surface wire cutting marks, and then 
polished with 1,000-3,000 grit abrasive papers, respectively. 
Then, diamond grinding paste with a particle size of 2 μm 
was used for polishing. Finally, the surface of specimen was 
etched with a mixture of 30 mL hydrochloric acid +50 g ferric 
chloride +70 mL deionized water for 5 s at room temperature. 
After etching, the specimen surface was immediately rinsed 
with ethanol and dried with a hair dryer. Finally, the specimen 
was observed with an optical microscope (OM). In RGB 
mode of OM, different phases will show different colors. The 
area percentage of ferrite was estimated by ImageJ (an open-
source image processing) based on the images obtained by OM. 
At least five images were selected to ensure the reliability of 
measurements.

XRD specimens with sizes of 10 mm×10 mm×10 mm were 
polished using abrasive papers and mechanical polishing. 
The volume fraction of austenite was quantitatively measured 
using XRD apparatus with Cu-Kα radiation. The scanning 
range was from 30° to 100° with a step size of 3°·min-1. The 
volume fraction of austenite was calculated adopting a direct 
comparison method by fitting the diffraction spectrums of the 
(200), (220) and (311) planes for the face-centered cubic (FCC) 
peaks, and the (220) and (211) planes for the body-centered 

cubic (BCC) peaks [24], based on the following Eq. (3) [25]:

Fig. 2: Metallographic images of as-cast specimen (a), S1050 specimen (b), and AG500 specimen (c); and 
XRD patterns of the MPSS specimens after different heat treatments (d)

(a) (b)

(c) (d)

where Vγ represents the volume fraction of austenite for each 
peak, Iγ and Ia represent the integrated intensities of the FCC 
and BCC peaks, respectively.

Furthermore, transmission electron microscopy (TEM, FEI 
Tecnai F20) equipped with energy dispersive spectroscopy 
(EDS) was performed to observe the characteristics of the 
morphology and alloy composition of reversed austenite at the 
acceleration voltage of 200 kV. The testing specimens were 
firstly reduced to a thickness of 50 μm, then made into 3 mm 
diameter discs, and finally prepared by ion milling with 4 kV 
Ar+ ions at an incidence angle of 7°-8°.

3 Results
3.1 Microstructure
The metallographic microstructure and XRD results of the as-
cast, solid solutioned (S1050), and aged (AG500) specimens 
are presented in Fig. 2. Figure 2(a) illustrates the granular and 
reticular morphology of the ferrite phase with a volume fraction 
of approximately (18.6±3.1)%. The retained austenite is mainly 
distributed at the edges of martensite in the as-cast specimen, 
accounting for a volume fraction of 26.6% [Fig. 2(d)].
Additionally, fine-grained NbC particles are primarily dispersed 
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Fig. 3: Engineering stress-strain curves of the specimens

along the ferrite/martensite phase boundaries to serve as pinning 
constraints at negligible volume fractions, while martensite 
dominates the microstructure.

The microstructure after solid solution is shown in Fig. 2(b). 
The microstructure is dominated by quenched martensite. 
XRD results [Fig. 2(d)] show a reduction in austenite content 
after solid solution (10.3%), due to the decrease of austenite 
stability caused by diffusion of alloying elements. The volume 
fraction of ferrite is (20.5±3.6)%. Instead of dissolution, the 
secondary precipitates disperse along the phase boundaries. 
Based on Thermo_Calc calculations, the secondary precipitates  
can be identified as NbC. 

The microstructure of the specimen after aging is shown 
in Fig. 2(c). It can be seen that the quenched martensite is 
mainly transformed into lath martensite, which is a typical 
characteristic of low-carbon martensitic steels. The XRD 
result shows an increase in austenite content to 24.1% after 
aging [Fig. 2(d)], indicating that some reversed austenite is 
formed during aging [26-28]. The ferrite remains granular and 
reticulated in morphology, with an increase in volume fraction 
to (23.1±4.1)%. The volume fraction of NbC particles and 
nanoscale precipitates during the aging process is negligible, 
thus the remained microstructure is martensite.

3.2 Mechanical properties 
Figure 3 shows the engineering stress-strain curves for as-cast,
solid solutioned and aged specimens. The ultimate tensile 
strength (UTS), yield strength (YS, 0.2% proof strength) and 
total elongation (TEL) of different specimens are illustrated in 
Table 2. The as-cast specimens have a UTS of 1,135 MPa, a 
lower YS of 350 MPa, and a TEL of 25.3%. The corresponding 
hardness value is 26.8 HRC due to the large amount of 
retained austenite. The curve shows a very pronounced work 
hardening after reaching the yield point. This is due to the 
TRIP effect caused by metastable austenite deformation, which 
can significantly increase the strength of the steel and inhibit 
necking, thus improving toughness [29]. After solid solution, the 
UTS and TEL of the specimen are almost unchanged, while the 
YS and HRC values are increased to 405 MPa and 30.2. This 
is because the TRIP effect is greatly reduced due to the reduced 
austenite content. After aging treatment, the UTS, YS and HRC 
values of the specimens are increased to 1,247 MPa, 436 MPa 
and 33.0, respectively, while the TEL is almost unchanged. The 
aging process produces reversed austenite, so there is also a 
significant TRIP effect during tensile process.

 It is noteworthy that the yield ratios of all the three specimens 
are very low (Table 2). This is due to the high-volume fraction 
of soft phases (ferrite+austenite) in the microstructure. For the 

as-cast specimen, the content of ferrite and austenite is up to 
45.2%. In the case of yielding, there is no precipitates which can 
effectively pinning dislocations in the microstructure. After solid 
solution treatment, the volume fraction of retained austenite 
decreases significantly, and the soft phase content is reduced 
to 35.8%. This leads to a decrease in the TRIP effect and an 
increase in the specimen's yield strength. After aging treatment, 
the volume fraction of soft phase though increases to 47.2%, 
the formation of nanoscale Laves phase, ε-Cu and G-phase 
in the microstructure can effectively pin the dislocations and 
improve the yield strength. Our previous study [10] reported the 
precipitation of Laves phase on dislocation lines in ferrite, which 
can effectively compensate for the lack of ferritic strength.

3.3 Fracture morphology
Figure 4 shows the tensile fracture morphologies of the as-cast, 
solid solutioned, and aged treatment specimens, respectively. 
As shown in Fig. 4(a), the macroscopic fracture of the as-
cast specimen has many large secondary micro-cracks.
Figure 4(b) corresponds to the microscopic fracture of the as-cast
specimen characterized by a mixture of dimples and quasi-
cleavages. The macroscopic fracture of the S1050 specimen 
shows characteristics of ductile fracture: fiber zone, radiation zone 
and shear lip [Fig. 4(c)]. The microscopic morphology of the 
S1050 specimen indicates that the fracture surface is primarily 
characterized by equiaxed dimples [Fig. 4(d)]. Figure 4(e)
illustrates the macroscopic fracture of the AG500 specimen, 
exhibiting the characteristics of a typical ductile fracture with a 
greater degree of deformation and no secondary micro-cracks. 
The microscopic morphology of the AG500 specimen also 
indicates that the fracture surface mainly consists of equiaxed 
dimples [Fig. 4(f)].

Table 2: Mechanical properties of MPSS at different states

Specimen UTS (MPa) YS (MPa) Yield ratio TEL (%) HRC

As-cast 1,135 350 0.31 25.3 26.8±2.2

S1050 1,144 405 0.35 24.7 30.2±1.8

AG500 1,247 436 0.35 25.1 33.0±1.2
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Fig. 4: SEM micrographs of macroscopic fracture surface of as-cast (a), S1050 (c), and AG500 (d) specimens; and 
microscopic fracture surface of as-cast (b), S1050 (d), and AG500 (f) specimens

(a) (b)

(c) (d)

(e) (f)

4 Discussion
4.1 Reversed austenite formation and 

stabilization
Reversed austenite has been shown to inhibit cracking and 
improve the toughness of steels, and MPSS specimens can be 
aged to obtain more than 10% reversed austenite with significant 
TRIP effect in tensile process, allowing the aged specimen to 
retain the high strength and an elongation of over 25%. Figure 5(a)
shows the TEM micrograph of the aged specimen, which has not 
undergone any tensile deformation. The martensite is lath-like 
and has a high density of dislocations. Between the laths there 
is a thin film of austenite with a thickness of 100-200 nm. The 
thin film of austenite has higher Ni and Cu contents by EDS and 
is identified as reversed austenite. Figure 5(b) shows the TEM 
micrograph of the aged specimen after tensile deformation. 
The martensite is also distributed in laths, and the density of 
dislocations within the laths is increased due to deformation. 
It is also shown in Fig. 5(b) that the thin film-like austenite 
does not fully transform into martensite under stress after 
deformation. The positions in the white dashed areas show the 
occurrence of transformation, while the adjacent part remains 
untransformed. This indicates that the mechanical stability of the 
reversed austenite is not uniform. The EDS results show that the 
Ni content at Position P1 is lower compared to that at Position 
P2 [as shown in Figs. 5(c) and (d)]. Nickel is an important 
element for the formation and stabilization of austenite. This 
study reveals that in the thin film austenite, Ni is not evenly 

distributed, leading to less stability and a greater tendency for 
martensitic transformation in austenites with a lower Ni content 
during plastic deformation.

4.2 Multiphase deformation and failure
Figure 6 shows the true stress-strain curves and the 
corresponding work hardening curves for the as-cast, solid 
solutioned, and aged MPSS specimens. Based on the work 
hardening curves in Fig. 6, it can be seen that the work 
hardening rates of all the three specimens experience three 
stages: rapidly decrease (Stage A), then increase (Stage B), and 
finally significantly decrease (Stage C). However, there are 
significant differences between these specimens. For S1050 
specimen, the value of work hardening rate at Stage A (εT<2.11%) 
decreases slowly, followed by a relatively insignificant increase 
at Stage B (2.11%-3.44%) with increasing strain, and then 
the work hardening rate decreases greatly, where the onset 
of necking leading to the fracture. Compared with the S1050 
specimen, the work hardening rate of as-cast and the AG500 
specimens at Stage A (εT<1.99%) decreases more rapidly, and 
the corresponding minimum work hardening rates are much 
lower than that of the S1050 specimen. The work hardening 
rate of the as-cast and the AG500 specimens increases gradually 
at Stage B. The work hardening rate of the AG500 specimen 
increases more rapidly, indicating that the TRIP effect of the 
AG500 specimen is more pronounced than that of the as-cast 
specimen. In the final Stage C, the AG500 specimen shows a 
more rapid decreases in work hardening rate due to reduced 
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Fig. 6: Work hardening rate as a function of true strain

Fig. 5: TEM micrographs of reversed austenite before (a) and after (b) tensile deformation, and EDS results 
corresponding to P1 (c) and P2 (d) in Fig. 5(b) 

plasticity caused by precipitation strengthening. Arrows in Fig. 6
indicate the instability for necking of different samples. When 
the true strain reaches 18.8%, the as-cast specimen undergoes 
necking. When the true strain is 16.3%, the AG500 specimen 
begins to go through necking. For the S1050 specimen, necking 
starts at a true strain of 14.6%. This is mostly because of less 
austenite content in the S1050 specimen, lowering the TRIP 
effect, resulting in reduced inhibition of necking.

Figure 7 shows the SEM micrographs near the fracture 
of the as-cast, S1050 and AG500 specimens. For the as-cast 
specimen, the cracks occur mainly in the phase boundaries 
and inside the ferrite, as shown in Figs. 7(a, b). The cracks at 
the phase boundaries are mainly caused by precipitated NbC [8],
while the cracks within the ferrite are caused by the granular 
precipitates. EDS result and previous literature indicate that this 
precipitate is a Laves phase with high Si and Mo contents [10], as 
shown in Fig. 7(b). Laves phase is a hard and brittle phase at room 
temperature, which can damage the toughness of the material [30].

After solid solution treatment, dissolution of Laves phase occurs, 
so that crack at the phase boundaries and inside the ferrite 
is greatly reduced, as shown in Fig. 7(c). Figure 7(d) shows 
the microstructure near the fracture of the AG500 specimen. 
Severe deformation occurs within the lath martensite and ferrite. 
The formation of cracks at phase boundaries is mainly due to 
discrepancies in the deformation of soft phase ferrite and hard 
phase martensite, leading to stress concentration and subsequent 
cracking at these boundaries [14, 31]. Additionally, the brittle nature 
of NbC particles at phase boundaries makes them especially 
susceptible to cracking and further propagation of the crack [8].

Figures 8(a) and (b) show the TEM micrographs of the 
martensite and ferrite phases in the AG500 specimen. Nanoscale 
G-phase particles are diffusely distributed in the martensite 
and ferrite, which can constrain dislocation motion during 
deformation. G-phase is an intermetallic silicide that has been 
observed in many precipitation hardened stainless steels and 
duplex stainless steels [32, 33]. The high-resolution transmission 
electron microscopy (HRTEM) micrograph indicates that the 
G-phase has a square-like shape (15 nm ×16 nm), and the lattice 
parameters are 1.12 nm and 1.14 nm [34], as shown in Fig. 8(c). 
Figure 8(d) is the SAED result corresponding to Fig. 8(c). It 
indicates that the G-phase is coherent with the matrix. This 
nanoscale precipitation has been shown to provide significant 
strength to the steel with less damage to the toughness [19, 35].

5 Conclusions
A new cast multi-phase stainless steel containing martensite, 
ferrite, and austenite was prepared through solution and 
aging heat treatment. The investigated stainless steel exhibits 
superior properties due to the mixed microstructure of hard 
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Fig. 7: SEM micrographs of lateral fracture of the as-cast (a), S1050 (c) and AG500 (d) specimens, 
and (b) is the enlarge view of (a)

Fig. 8: TEM micrograph of G-phase precipitating in martensite (a) and ferrite (b), and HRTEM micrograph of 
G-phase (c). The inserted graph in (c) indicates the SAED result (d) of G-phase

and soft phases, the TRIP effect of metastable austenite, and 
the nanoscale precipitation of aging treatment. Based on the 
experimental results, the following conclusions can be drawn:

(1) By restricting the alloy composition to the martensite + 
ferrite + austenite three-phase region in the Schaeffler diagram, a 
mixed microstructure consisting of both hard and soft phases can 
be achieved in the as-cast condition, which ensures a combination 
of high toughness and strength.

(2) Reversed austenite is formed by the diffusion of Ni 
between martensitic laths during aging. It exists as a thin film 
(100-200 nm) with a non-uniform distribution of Ni. The 
austenite with a lower Ni content undergoes a martensitic 

transformation during plastic deformation.
(3) The aged specimen has the best combination of strength 

and elongation (UTS: 1,247 MPa, TEL: 25.1%). This 
enhancement is attributed to the TRIP effect of austenite and 
the precipitation of the nanoscale G-phase which can pin the 
dislocations in ferrite and martensite.
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