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The residual austenite stability in marine steel was studied by different heat treatment processes. After heat-treat-
ment process 1 (quenching + tempering) and heat treatment process 2 (quenching + intercritical annealing + tem-
pering), the austenite content was determined by X-ray diffraction(XRD), and the microstructure of the test steel 
was tested by Scanning electron microscope(SEM), Transmission electron microscope(TEM), and Electron Backscat-
tered Diffraction(EBSD). Experimental results showed that the microstructure of the test steel consisted of mar-
tensite/bainite + ferrite + retained austenite. The retained austenite volume fractions were 20,8 % and 18,1 %, re-
spectively, for process 1 and process 2.The retained austenite morphology, C content, distribution, and grain size all 
affect a steel’s thermal and mechanical stability. Film-like residual austenite with high C content and fine grain size 
has the best stability.
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INTRODUCTION

The overexploitation and consumption of abundant 
terrestrial and marine resources are the focus of mining 
in the world, whereas marine engineering materials 
need to cope with the harsh and complex marine envi-
ronment. The use environment of marine engineering 
steel is generally harsh. It will be attacked by seawater, 
sea mud, and ocean atmosphere during service. The cor-
rosion characteristics of different areas are also differ-
ent. Therefore, steel for marine engineering should have 
high overall performance, such as excellent plasticity, 
impact toughness, weldability, and corrosion resistance 
[1-6]. It is believed that retained austenite stability is an 
important condition, affecting the ductility and low-
temperature toughness of steel. Austenitic stability in-
cludes thermodynamic and mechanical stability. 

For example, morphology, C content, grain size, and 
other factors will affect the stability of retained austen-
ite. Retained austenite grain size affects thermodynamic 
stability. Retained austenite with high C content has 
higher stability. The distribution of retained austenite 
also affects a steel’s mechanical properties. The use of 
different composition designs and heat treatment pro-
cesses to organize retained austenite in steel has become 
a hot research topic.

In this work, a medium-manganese low-carbon steel 
of 0,1C – 2,44 Mn was subjected to (quenching + two-
phase annealing + tempering) (QIT) and (quenching + 
tempering) (QT) heat-treatment processes to obtain 
high volume fractions of retained austenite. Residual 
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austenite and multiphase microstructures were charac-
terized by SEM, TEM, EBSD, XRD. 

MATERIALS AND METHODS

The experimental steel was smelted in a 200 kg vac-
uum-induction melting furnace with chemical composi-
tion (wt.%), Fe, 0,105C, 2,48Mn, 0,085Nb, 0,35Mo, 
1,24Cu, 1,32Ni, and the steel ingot was heated and kept 
at 1 180 °C. The thickness of the blank was 115 mm, a 
25-mm-thick hot rolled sheet was obtained after eight 
passes, and the final rolling temperature was 840 °C. 
After stratified water cooling, the red temperature was 
350 °C. To determine the effect of different heat-treat-
ment processes on retained austenite content and stabil-
ity, the heat-treatment processes were used: process 1 
(quenching + tempering) and process 2: (quenching + 
intercritical annealing + tempering). The rolled samples 
were taken onto a LINSEIS L78 RITA phase changer to 
determine the steady-state austenite transition start tem-
perature of 701 °C and the austenite transformationend 
temperature of 762 °C. The test steel was austenitized at 
850 °C for 10min, quenched at 830 °C for 40 min, tem-
pered at 640 °C for 40 min, and then air-cooled to room 
temperature, after which sample T1 was recorded. An-
other sample of experimental steelwas austenitized at 
850 °C for 10 min,quenched at 830 °C for 40 min, incu-
bated at 720 °C for 50 min, then air-cooled to room tem-
perature (intercritical annealing), tempered at 640 °C 
for 60 min, and air-cooled to room temperature again. 
The sample was recorded as T2. The microstructure 
was observed under EVO MA10 scanning electron mi-
croscopy (SEM) at a position halfway through the steel 
plate after grinding and polishing with 4 % nitric acid 
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solution, with two samples. The EBSD samples were 
ion-polished,and their microstructure and retained aus-
tenite distribution were observed on a FEI Nova Nano 
SEM 450 machine. The retained austenite content of the 
samples was measured on an X’PERT PRO X-ray dif-
fractometer. A 0,5 mm thick sample was cut by wire 
cutting, ground to 30 μm, and then subjected to double-
spray thinning treatment.The microstructure before and 
after stretching was observed under a JEOL JEM-2010 
UHR transmission electron microscope (TEM).

RESULTS AND DISCUSSION

Microstructure

Figure 1 shows SEM topographies generated by the 
two heat-treatment processes. Figure 1(a) shows the mi-
crostructure of test steel T1 after 830 °C quenching + 
640 °C tempering. It is clear that the microstructure is 
mainly composed of ferrite and martensite, the ferrite is 
irregularly distributed between the lath martensite, and 
the retained austenite is distributed between the ferrite 
and martensite grain boundaries. Figure 1(b) shows the 
microstructure of the T2 test steel after 830 °C quench-
ing + 720 °C intercritical annealing + 640 °C temper-
ing. During critical annealing, the martensite/bainite 
portion is austenitized during the heating process. Dur-
ing subsequent cooling, no depletion of C, Mn, or Ni 

occurs in austenitized martensite/bainite, and the shape 
maintains the original basic slat-shape organization, 
called critical ferrite . It is evident from Figure 1(b) that 
the test steel consists of martensite/bainite + critical fer-
rite + a small amount of retained austenite.

The austenite distribution of test steels T1 and T2 
was analyzed by EBSD. As shown in Figure 2, the blue 
region is austenite, the retained austenite is in the shape 
of a block and a long film, and the retained austenite 
grains are very fine and dispersed in martensite/bainite 
and ferrite slats. The retained austenite contents of t1 
and t2 were 1,37 % and 0,13 %, respectively. The re-
tained austenite is dispersed in the lath structure, and its 
microstructure is fine and stable.The finely dispersed 
residual austenite transforms into martensite, and the 
martensite formed is a hard phase; martensite particles 
can provide more second-phase interface, which is ben-
eficial to the formation of dimples, and hence, improves 
crack extension energy during impact . During crack 
propagation, the fine and dispersed residual austenite 
can split the crack and absorb more energy. 

Due to the small size of the retained austenite grains 
in the matrix structure, the volume fraction of retained 
austenite in the test steel under the two heat-treatment 
processes was quantitatively analyzed by XRD. As a re-
sult, as shown in Figure 3, the austenite contents of T1 
and T2 were found to be 20,8 % and 18,1 %, respectively.

Figure 1 SEM image of experimental steel after different heat treatments: (a) SEM image of T1;(b) SEM image of T2

Figure 2 EBSD image of test steel after different heat treatments:(a) EBSD image of T1; (b) EBSD image of T2.

 a) b)

 a) b)
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Residual austenite grain size and C content 

under QIT process

Y.Q, TIAN, et al. [7] believe that stable retained aus-
tenite can effectively improve the low-temperature 
toughness of steel and that the size, morphology, and C 
content of retained austenite will affect its stability. As 
shown in Figure 4, the retained austenite was 90 – 140 
nm wide, 500 – 1 500 nm long, less than 500 nm in width, 
and was distributed between the slats in a film shape and 
a lamellar shape. The film-like retained austenite existing 
between lath martensite has high stability because the 
carbon content of the film-like retained austenite is high-

er than that of the block and its thermodynamic and me-
chanical stability are higher. Under high-stress condi-
tions, it will be partially transformed into martensite, 
which can greatly improve low-temperature toughness.
Table 1 The area A and B EDS analysis / atom,%

Area C Si Mn Ni Cu Nb Mo

A 11.85 6.78 15.92 29.58 35.87 0 0

B 6.93 7.66 8.81 31.28 40.90 0 4.42

The C and Mn elements have a stabilizing effect on 
retained austenite. After the two-phase zone is annealed 
and tempered, the C and Mn elements are enriched in 
retained austenite to enhance its stability. In addition, 
the C content also has an effect on the TRIP effect. To 
obtain the best TRIP effect, the average C content of 
retained austenite in TRIP steel should be above 0,95 % 
(mass fraction) [8, 9]. As shown in Figure 5 and Table 1, 
the EDS spectrum of the film-like retained austenite of 
the T2 sample steel was analyzed. The atomic percent-
age of the C element was 11,85 %, and the mass per-
centage was 2,71 %, which is higher than the residual 
austenite C content in ordinary TRIP steel, and the sta-
bility is good.

Figure 6 shows a TEM bright-field image and a 
SAED diffraction pattern at 4 mm from the tensile frac-
ture of the T2 sample. There are a large number of dislo-
cations and similar slats in the structure, no obvious slat 
characteristics, and less residual austenite content. The 
austenite is also distributed between the grains in film 
form. The grain length of the retained austenite before 
deformation was 500 – 1500 nm, and the width was 90 
– 140 nm; 4 mm from the fracture, the retained austenite 
grain length was about 200 – 300 nm, and the width was 
less than 40 nm. As the strain increased, the phase transi-
tion preferentially occurred in the larger retained austen-
ite grains because the smaller retained austenite grains 
have high stability and are not prone to phase transforma-
tion . During stretching at room temperature, the amount 
of massive residual austenite gradually decreases, and 
only a small amount of thin-film residual austenite re-

Figure 3 XRD patterns of T1 and T2

Figure 4  T2 test steel retained-austenite TEM bright-field 
image, dark-field image, and SAED pattern:(a)bulk 
and film-like retained austenite; (b) dark-field image.

a)

b)

Figure 5 TEM image of T2 test steel
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mains, indicating that the stability of thin-film residual 
austenite is better than that of massive residual austenite, 
that phase change is more likely to occur under stress, 
and that film-like retained austenite has high mechanical 
stability, which can greatly improve the low-temperature 
toughness of low-carbon steel.

Mechanical stability of retained austenite

The mechanical stability of the retained austenite is 
indicative of its ability to resist deformation. There are 
many ways to evaluate the mechanical stability of re-
tained austenite; this paper uses the approach of calcu-
lating the austenite stability coefficient proposed by 
Sugimoto et al. [10, 11] and expressed in Equation 1:
  1

Where fr is the amount of retained austenite after strain, 
fro is the amount of retained austenite before strain, ε is the 
amount of strain and K is the retained austenite stability 
coefficient. The expression for K is obtained by manipula-
tion of Equation 1, as shown in Equation 2:

 , 2

The calculated K values for retained austenite me-
chanical stability were 4,511 for the T1 sample and 
2,596 for the T2 sample. The smaller the value of K, the 
better will be the stability of retained austenite, so that 
the residual austenite transformation of the T2 sample 
during stretching was less than that of T1, meaning that 
the tensile and yield strengths were lower than those of 
T1. However, due to the high austenite content of the T1 
and T2 samples, a large amount of austenite-to-mar-
tensite transformation (i.e., the TRIP effect) occurred, 
and the more stable the retained austenite in steel, the 
more the work-hardening behavior continues, delaying 
necking and increasing elongation. In the – 40 °C im-
pact test, the retained austenite was dispersed and dis-
tributed between ferrite and martensite. The retained 
austenite stabilized between the martensite laths pre-
vented the formation of martensite and ferrite cracks, 
and the retained austenite improved plastic deformation 
capability before crack initiation, thereby obtaining 
higher cracking work and improved low-temperature 
impact toughness of the test steel.

CONCLUSIONS

In the (quenching + two-phase annealing + 640 °C 
tempering) process, the film-like/lamellar retained aus-
tenite had higher stability than the bulk retained austen-
ite. The smaller the grain size of the retained austenite, 
the higher will be the thermal stability. The C content in 
the retained austenite contributes to its stability. The 
stability of the retained austenite between the slats is 
greater than that of retained austenite at other locations. 
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Figure 6  TEM bright-field image and SAED pattern at 4 mm 
from the tensile fracture of the T2 sample




