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Microstructure and mechanical properties of an austenitic heat-resistant steel (12Cr18Ni12Ti) serviced in a
supercritical power plant at 570 �C/25.4 MPa for 160,000 h were investigated. The results show that the
hardness and the tensile strength did not decrease; however, the impact toughness was remarkably re-
duced. The TiC precipitate shows excellent thermostability; for example, it hardly grew up, and no big
M23C6 carbides were found. However, large Fe, Cr-rich r-phase was doomed to precipitate along grain
boundary, which should be responsible for the reduced toughness. The growth of r-phase was observed to
have an interaction with the preexisted carbides.
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1. Introduction

Austenite stainless steels are the most widely used in power
plants due to the excellent creep strength, high resistance to
oxidation and mature manufacturing process (Ref 1-3). Such
austenite stainless steels generally include S304, S310, S316,
S316L, and so on. Among them, S316 is the most popular and
typical one, with excellent mechanical properties and oxidation
resistance. In order to improve the intergranular corrosion
resistance, strong carbide forming elements such as Ti and Nb
were introduced in S316 steels and many modified steels have
been developed (Ref 2, 3).

In the present research, the experimental steel (12Cr18Ni12-
Ti) is such kind of modified S316 steel by adding the element
of Ti. Since Ti has a very strong bonding force with C so as to
get TiC precipitates, Cr has little chance to form carbides with
C at grain boundaries, and thus, the intergranular corrosion
resistance could be improved (Ref 4-6). Besides, the TiC
precipitates are beneficial to improve creep strength (Ref 4, 5,
7). Therefore, compared with S316 steel, 12Cr18Ni12Ti steel
has better intergranular corrosion resistance and higher creep
strength (Ref 4-7).

However, the steam tubes in power plants made of such
stainless steels usually have to face extreme conditions such as
high temperature, stress and corrosion. During exposure under

these special conditions, steels are doomed to undergo
microstructural evolution, leading to mechanical properties
degeneration (Ref 8-10). Such microstructural evolution during
high-temperature and long-term service in austenite heat-
resistant steels mainly involves the following aspects: (1)
growth of austenite grain size; (2) ripening of precipitates such
as carbides and nitrides; and (3) formation and growth of r-
phase (Ref 8-15).

To safe use of such austenite heat-resistant steel exposing in
service environment in power plants, the prediction of
microstructural evolution and its influence on mechanical
properties prior to use is of great significance to the power
industrial practice. However, this prediction is usually per-
formed by high-temperature short-term experiment in the
laboratory. In fact, such experiment is difficult in reflecting
the real service environment. In the present work, the
microstructure and mechanical properties of an austenitic
heat-resistant steel (12Cr18Ni12Ti) serviced in a real service
condition of 570 �C/25.4 MPa for more than 18 years
(160,000 h) were studied. Up to now, very few responses of
microstructure and mechanical property after such long-term
high-temperature exposure have been reported on the
12Cr18Ni12Ti steel. This type of data is difficult to obtain,
especially in the real service status. The data can not only
provide a meaningful reference for the safe use of this steel but
also are invaluable to understanding the long-term performance
of materials in realistic conditions.

2. Materials and Methods

The as-received trial materials were obtained from a steam
tube in a super critical power plant came from Tianjin Guohua
Panshan Power Generation Co., Ltd. The tube has served at
570 �C/25.4 MPa for more than 18 years (160,000 h). The
initial material which was set up 18 years ago was compared.
The chemical composition of the experimental steel is shown in
Table 1. After such a long-term service at 570 �C, the changes
in microstructure and mechanical properties are of great
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importance. Therefore, the grain size of the steel was firstly
investigated under the optical microscope by statistical image
analysis. For more details, the scanning electron microscope
(SEM) with energy-dispersive x-ray (EDX) analysis was
employed to reveal the precipitates such as carbides and r-
phase along grain boundaries. The interaction between precip-
itates along the grain boundaries was also studied under
transition electron microscope (TEM).

Hardness measurements were conducted on polished surface
of the trial tube using a UH3001 Brinell hardness tester with a
load of 187.5 kgf for 13 s, and the average value from 3
different measurements is recorded. Tensile samples with
diameter of 5 mm and gauge length of 25 mm machined from
pillars cut out from the trial tube. They were suffered from
tensile test on an AG-Xplus 50 kN tensile machine. To obtain
much more data, the tensile tests were carried out not only at
room temperature and real service temperature (570 �C), but
also 540 and 600 �C compared. To assure the reliability of the
tensile results, 3 samples were tested to obtain the average
value. The Charpy V-notch samples with the dimension of
10 9 10 9 55 mm3 and notch depth of 2 mm machined from
pillars from the trial tube were subjected to impact test on a
RKP-450 Charpy impact machine. The average of 5 results was
recorded.

3. Results

3.1 Microstructure

3.1.1 Austenite Grain Size. The microstructure of the
initial material and the steam tube serviced at 570 �C for
160,000 h is shown in Fig. 1. The original grain boundaries are
clearly identified, and the grain size ranges around 50-120 lm.
In addition, inside the grains are numerous parallel deformation

twins. It is clear that the austenite grain size is not uniform after
serviced for 160,000 h. The large grains are around 150 lm,
while the small grains are around 50 lm. However, the number
of small grains is bigger than that of large ones. Therefore, the
average grain size is around 120 lm, as shown in Fig. 1. It
indicates that under the long-term high-temperature condition,
austenite grain is still under the control of thermodynamics and
reaching for equilibrium, during which the growth of the big
grains was through sacrificing the small ones.

3.1.2 Precipitates. TiC particles The TiC particles in the
initial 12Cr18Ni12Ti steel are shown in Fig. 2. Two kinds of
TiC particles are observed. One is around 2-4 lm in size,
another is nano-sized. The larger ones are believed to be the
primary TiC, which are formed during solidification, while the
nano-sized ones are secondary TiC. The TiC particles in the
12Cr18Ni12Ti steam tube after such a long-term high-temper-
ature service are shown in Fig. 3. Also, two categories of TiC
particles are observed. The first category is black precipitates as
large as 2 lm which are indicated by black arrows in Fig. 3(a)
and (b). They are distributed either inside the grain (Fig. 3a) or
at the grain boundary (Fig. 3b). The second category is white
particles with small sizes of around 750 nm, as marked by
white arrows in Fig. 3(a) and (b). The corresponding EDX
results of such two categories of TiC particles are shown in
Fig. 3(c) and (d), respectively. The size of TiC particles is
almost no coarsening. In addition, it was not obviously
increased compared with another Ti modified S316 steel,
which serviced at 545 �C/25.5 MPa for 13,600 h (Ref 16).
Therefore, it could be inferred that the TiC particles are very
thermally stable and barely grow even after such a long-term
exposure.

M23C6 Particles As shown in Fig. 2, there are almost no
M23C6 particles in the microstructure of the initial material
because Ti has a very strong bonding force with C; as a result,
M23C6 cannot be formed in a short time. It is clearly shown in
Fig. 4(a) and (b) that M23C6 particles were mainly distributed
along grain boundaries after service for 18 years. Even the
large M23C6 particles are with the fine size of around 200 nm,
as shown in Fig. 4(b), which means that M23C6 particles have a
very small ripening rate at 570 �C in this steel. The EPMA
results in Fig. 4(c) show that Ti was also segregated in M23C6

particles, which enhances the thermostability of such carbides.
r-phase As mentioned above, due to the high content of

chromium in the 12Cr18Ni12Ti steel, r-phase will come into
being during the long-term high-temperature exposure. As
shown in Fig. 5, the r-phases formed during long-term

Table 1 Chemical compositions of the 12Cr18Ni12Ti
steam tube (wt.%)

C Si Mn S P Cr Ni Ti

0.077 0.43 1.05 0.0099 0.028 17.39 11.28 0.64

Fig. 1 The microstructure of initial 12Cr18Ni12Ti steel (a) and the austenite grain size of the 12Cr18Ni12Ti steam tube (b)
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Fig. 2 The TiC particles in the initial 12Cr18Ni12Ti steel

1032—Volume 30(2) February 2021 Journal of Materials Engineering and Performance



exposure at 570 �C were distributed along grain boundaries.
Some are in the shape of pearls and clustered along grain
boundaries like a section of necklace, as designated by white
arrows in Fig. 5(a). Some are in the shape of short bar, as
marked by black arrows in Fig. 5. The others are isolated at the

connection points of adjacent grains, as indicated by red arrows
in Fig. 5. It seems that it is easier for r-phase to nucleate at the
connection points of grain boundaries. Adjacent r-phase
particles might grow up and get connected with each other
and then give a bar-like shape.

Fig. 3 (a) and (b) Morphologies with (c) and (d) EDX analysis of TiC particles in the 12Cr18Ni12Ti steam tube (black arrows show large TiC
particles, and white arrows show small TiC particles)
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The TEM images showing the details of r-phase are
presented in Fig. 6 and 7. It is noticed that r-phase is with very
few dislocations, as shown in Fig. 6(a), (b), (c) and 7(a), (b).
Only several dislocations are presented in the r-phase particles
in Fig. 6(d), but all the three isolated particles in Fig. 6 are very
clean inside. The bar-like r-phase in Fig. 6(a) seems to be
composed of three smaller particles, as indicated by black
arrows. Based on the SEM images and the TEM images, it
could be suspected that the bar-like r-phase is coming into the
bar shape through merging of adjacent r-phase particles.

It is interesting here to observe the interaction between r-
phase and precipitates, as shown in Fig. 7. The bar-like r-phase
identified in Fig. 7(c) is swallowing a large particle which is
marked by black arrows in Fig. 7(a). This large particle was
identified as M23C6 carbide in Fig. 7(d). There are three other
small particles lying in the middle of r-phase, as noticed by
white arrows in Fig. 7(a). Another large particle marked by a
red arrow in Fig. 7(a) was still lying at the left end top of the r-
phase, kissing this r-phase. It is worth noticing that these
precipitates are distributed not only in line but also right in the

Fig. 4 Morphologies of (a) SEM, (b) TEM and (c) EPMA results of Cr23C6 particles
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middle of this r-phase. The line-distributed precipitates are
embodied the original location of austenite grain boundaries.
So, it means that the r-phase was growing up without leaning
to either side, which is in good consistence with the SEM
images of r-phase in Fig. 5; for example, r-phase totally
covered at grain boundaries, without tending to one side or the
other. Figure 7(b) gives the high magnification of the interac-
tion between r-phase and the large particle. It is clear that the
boundary of r-phase is crossing the large M23C6 particle. The
two sides of the boundary are bowing out and reaching for each
other, and will finally get emerged when the large particle is
swallowed. There is also a small precipitate swallowed by the
r-phase in Fig. 6(b), as marked by a black arrow.

3.2 Mechanical Properties

Table 2 shows the mechanical properties of the initial
material and steel after service at 570 �C for 160,000 h. It is

very impressive that even after such a long-term high-
temperature exposure, the mechanical properties of
12Cr18Ni12Ti steel have not obviously deteriorated except
the Charpy impact energy. As shown in Table 2, the steel still
exhibited normal hardness, high strength and good ductility,
which are comparable to the level of the as-manufactured state
(Ref 17). However, as to the Charpy impact energy, it has been
decreased to 87 J, far lower than the original level of above
190 J (Ref 18). But this toughness storage is still sufficiently
for the safety of steam tubes (Ref 19). In addition,
12Cr18Ni12Ti steel after service at 570 �C/25.4 MPa for
160,000 h is still showing a normally decrease in strength
with increasing temperature from RT to 540, 570 and 600 �C.
Based on the above mechanical properties, it is claimed that the
12Cr18Ni12Ti steel is excellent in high-temperature long-term
performance.

Fig. 5 SEM images showing the morphology of r-phase: (a) macrograph; (b) micrograph (white arrows show pearls-like r-phase, black arrows
show short-bar r-phase and red arrows show isolated r-phase)

Fig. 6 TEM images showing the morphology of r-phase
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4. Discussion

4.1 Stability of Precipitates

It is evident that TiC particles have the highest thermosta-
bility among the precipitates in the investigated 12Cr18Ni12Ti
steel. They are almost immune to such a high-temperature long-
term exposure. The large TiC precipitates could be existed
before the steam tubes made of 12Cr18Ni12Ti steel was carried
into practice and always are accepted as the primary carbides.
However, those small TiC particles in Fig. 3 are mainly the
secondary carbides which were formed during hot processing
or heat treatment. Anyway, two categories of TiC particles have
a common contribution of fixing carbon. But of course, the
small TiC particles could also give a second benefit to creep
strength by precipitation hardening.

Just because Ti has a stronger combination with carbon,
only small amount of carbon was left for Cr to form M23C6

carbides, which has resulted in two advantages: (1) M23C6

carbides are very fine and not in a great amount; (2) M23C6

carbides are with slow ripening rate, around 200 nm even after
exposure for more than 18 years (160,000 h) at 570 �C
(Fig. 4b). That is to say that M23C6 carbides in 12Cr18Ni12Ti
steel also show a very good thermostability due to the
synergistic effect of Ti.

The above might be one of the reasons that in the Ti-alloyed
12Cr18Ni12Ti steel M23C6 carbides have a good thermosta-
bility. Besides the indirect advantages of forming TiC particles
and suppressing the formation of M23C6 carbides, Ti still has
another benefit. As shown in the EPMA results in Fig. 4(c), it
was revealed that Ti segregates in M23C6 particles, which will
directly modify the physical characteristics of M23C6 carbides
and improve their thermostability.

Fig. 7 (a) and (b) TEM images showing the interaction between r-phase and precipitates, (c) is the diffraction pattern of the bar-like r-phase,
(d) is the diffraction pattern of Cr23C6 carbide, which is the large particle marked by black arrows

Table 2 Mechanical properties of the initial steel and steel after service at 570 �C for 160,000 h

Temperature,
�C

Yield strength,
MPa

Ultimate tensile
strength, MPa

Elongation,
%

Area
reduction, %

Charpy impact
energy, J

Hardness
HB

The initial steel RT 247 608 60 76 196 159
As-received steel RT 308 649 49 61 87 163

540 254 436 30 66 … …
570 248 429 29 67 … …
600 235 412 30 66 … …

GOST 7350-77
standard

RT ‡ 235 ‡ 530 ‡ 38 … … …
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4.2 r-Phase Interacts with Precipitates

r-phase particles are formed during high-temperature long-
term exposure, which are very critical to the degenerated
mechanical properties since they are always present as large size
particles. Therefore, they should be paid enough attention to. In
the present study, one thing is for sure that r-phase particles are
growing up right on grain boundaries without leaning to either
side in 12Cr18Ni12Ti steel; the other thing is that r-phase
swallows the precipitates distributed at grain boundaries such as
M23C6 carbides by boundary crossing mechanism. However, one
thing must be emphasized that not all r-phase particles were
observed to contain precipitates such as M23C6 carbides in the
middle. In the present results, only in the r-phase in Fig. 6(b)
and 7 the swallowed precipitates were observed. The other
observed r-phase particles are not containing precipitates inside,
as clean as the one in Fig. 6(c). Since it is hard for r-phase
particles to find a section of grain boundary without precipitates
to nucleate and grow up, it gives an interesting speculation that
after the first process of swallowing, it is possible that there
might be another process of digestion, namely the precipitates in
r-phase might eventually get dissolved and disappeared. That
might be a possible reason for the cleanness in many r-phase
particles. More work would be done to dig deeper in it.

4.3 Reduced Toughness

After the investigation of microstructural evolution in
12Cr18Ni12Ti steel after service at 570 �C for 160,000 h, a
consequent indication is turning out that the newly formed r-
phase along grain boundaries should be responsible for the
reduced toughness, taking the following reasons into consid-
eration. At first, the TiC precipitates are large and usually
reported to trigger cleavage fractures and do harm to toughness
(Ref 7), but they are not in a great number in the present
12Cr18Ni12Ti steel, and the austenite heat-resistant steels have
high ductility and a high tolerance of large inclusions. In
addition, even with such large TiC precipitates, the as-
manufactured 12Cr18Ni12Ti steel could possess high impact
energy higher than 190 J. Therefore, these TiC precipitates are
not related to the reduced toughness. Those little TiC particles
of around several hundred microns are too small to damage the
toughness, but benefit creep strength. Secondly, M23C6 car-
bides are distributed along the austenite grain boundaries, but
they are also very fine, around 200 nm (Fig. 4). Even if they
brought some reduction to toughness, it should not be the main
one.

However, when it comes to r-phase, the above considered
aspects are turning against it. First, it presents as inclusions as
large as 2-10 lm. Second, they are located at the grain boundaries.
It should be noticed that TiC particles could also reach the size of
5 lm, but their locations are random (Fig. 3a and b) and their
number density is much lower than r-phase, as shown in
Fig. 5(a). Thirdly, r-phase itself is very hard, brittle and
unmatched with the matrix during deformation, which facilitates
cracking (Ref 20-22). Therefore, it is reasonable that r-phase
should be responsible for the reduced Charpy impact toughness.

5. Conclusions

As a component of steam tubes in power plants, Ti-alloyed
12Cr18Ni12Ti steel has been investigated after service in a real
environment of 570 �C/25.4 MPa for more than 18 years
(160,000 h) from the aspects of microstructure and mechanical
properties. The following conclusions could be reached:

1. 12Cr18Ni12Ti steel still possesses nice mechanical prop-
erties, only with reduced impact toughness, but it is still
enough for engineering practice.

2. TiC particles are presented in two categories in
12Cr18Ni12Ti steel. One is a few big inclusions as large
as several microns; the other is quite a lot small particles
of 700 nm. TiC particles are very thermally stable, nearly
no changes in size at all.

3. M23C6 carbides have also presented a good thermostabil-
ity due to the synergistic effect of Ti.

4. r-phase grows up right at grain boundaries without lean-
ing to either side, during which it swallows precipitates
distributed along grain boundaries.

5. r-phase formed during high-temperature long-term expo-
sure is believed to be responsible for the reduced tough-
ness of 12Cr18Ni12Ti steel.
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