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The present work investigated the microstructural stability and mechanical property of a medium-Si
12%Cr reduced activation ferritic/martensitic steel (Fe-0.21C-11.76Cr-1.41W-0.17Ta-0.2V-0.63Si-0.51Mn-
0.015N, wt.%) at high temperatures. Alloy samples were normalized at 1100 �C for 1 h and tempered at
700 ºC for 1 h, and finally aged at 550 and 650 �C for 5-500 h. In the tempered state, Cr23C6 and MC
carbides were precipitated into the full martensitic matrix, which is consistent with the thermodynamic
calculated results. This alloy exhibited a higher microstructural stability during aging at 550 ºC without
any obvious widening of martensitic laths and coarsening of carbides. But the martensitic laths were
widened when aged at 650 ºC, as evidenced by the increase in lath width from � 124 nm in tempered state
to � 275 nm in 500 h-aged state. Also, the Cr23C6 carbides were coarsened with the length increasing from
� 132 nm in tempered state to � 240 nm in 500 h-aged state along the lath interface. While MC carbides
have amuch higher stability and the particle size keeps constant (90-110 nm) even after 500 h aging at 650 ºC,
which is ascribed to the different diffusion coefficients of carbide-forming elements. This aged alloy exhibited
prominent mechanical properties with high yield strength of rYS = 616-689MPa at room temperature and rYS
= 507-577 MPa at 550 ºC.
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1. Introduction

Reduced activation ferritic/martensitic (RAFM) steels with a
Cr content of 9-12 wt.% (weight percent) have shown great
potential as candidate structural materials for lead-cooled fast
reactor (LFR) claddings due to their excellent high-temperature
(HT) mechanical properties, good thermal conductivity, low
thermal expansion, as well as outstanding radiation resistance
(Ref 1-4). A well-known HT9 F/M steel (Fe-0.2C-12Cr-1Mo-
0.5W-0.5Ni-0.25V, wt.%) has been widely applied in both
thermal power boilers and fast reactors (Ref 5, 6). In order to
accommodate severe environments, several RAFM steels, such

as F82H (Fe-0.09C-8Cr-1.96W-0.15V-0.1Si-0.023Ta, wt.%)
(Ref 7, 8), Euorfer97 (Fe-0.11C-8.7Cr-1W-0.19V-0.004Si-
0.1Ta-0.44Mn, wt.%) (Ref 9, 10), EP823 (Fe-0.18C-12Cr-
0.8Ni-0.9Mo-1.3Si-0.4Nb-0.4V-0.8Mn, wt.%) (Ref 11), and
9Cr2WVTa (Fe-0.1C-8.71Cr-2.17W-0.23V-0.19Si-0.06Ta-
0.39Mn, wt.%) (Ref 12), have been developed, in which the
active elements of Mo, Nb, Ti, and Cu were replaced with
reduced-active W, Ta, V, and Mn elements. This kind of steels
shows a similar microstructure with M23C6 and MC carbides
distributed in the martensitic matrix after normalizing and
tempering treatments, leading to a higher tensile strength at
both room and elevated temperatures (Ref 13-15). For instance,
fine M23C6 and MC carbide particles (25-210 nm) were
uniformly distributed in the martensitic matrix with a width of
about 0.5lm in tempered Euorfer97 steel, which renders this
alloy with prominent mechanical properties (high yield strength
of rYS = 653 MPa and a large ductility of d = 21% at room
temperature (RT); rYS = 291 MPa and d = 32% at 600 ºC) (Ref
16, 17). Actually, the Cr amount should be increased to further
improve corrosion and oxidation resistances at HTs, which
inevitably accompanies with the increase of C for obtaining
single martensitic matrix, such as HT9 (Ref 18). However, an
excessive addition of C could accelerate the formation of coarse
Cr23C6 carbides, resulting in a reduction of mechanical strength
(Ref 19). Thus, the Si element was added to overcome this
disadvantage since Si reacts with the oxygen to form dense
SiO2 oxide layers, which plays a similar role to the Cr from the
viewpoint of corrosion and oxidation resistances. A series of
high-Si RAFM steels were then developed, as exampled by the
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EP823 steel containing the Si content of about 1.2 wt.% (Ref
11). It is emphasized that the HT d-Fe ferrite would like to exist
in such high-Si F/M steels, leading to a serious embrittlement,
especially the HT creep embrittlement (Ref 20). Therefore, the
amounts of Cr, C, and Si elements should be tuned to an
optimal matching for both the formation of single martensitic
matrix and the improvement of resultant mechanical properties.

The microstructural stability of RAFM steels at HTs is
crucial to guarantee mechanical properties, especially the HT
strength for suppressing the creep. Unfortunately, the Cr23C6

particles are susceptible to be coarsened when the temperature
is higher than 600 �C, which would widen the martensitic laths
simultaneously. Typically, the Cr23C6 carbide particles in Fe-
0.2C-11.5Cr-0.55Ni-0.55Mn-1Mo-0.5W-0.25V-0.6Si (wt.%)
martensitic steel were fine with a size of about 100 nm after
a short-term (25 h) aging at 650 �C, but they would be
coarsened seriously with a size of 0.5-1 lm with prolonging the
aging time up to 400 h, leading to the reduction of alloy
strength from 731 to 540 MPa (Ref 11). Consequently, the
reduced-active elements of W, V, and Ta were added to improve
the microstructural stability of F/M steels, as evidenced by the
fact that particle size of M23C6 carbides in Fe-0.14C-11.71Cr-
2.16W-0.2V-0.09Ta-0.5Si-1.16Mn (wt.%) steel increases
slightly from � 108 nm after 20 h aging to � 148 nm after
500 h aging at 650 ºC (Ref 21). In addition, it is worth nothing
that after a long-term (300 h) aging at 650 ºC, the MX
carbonitride in Fe-11.85Cr-1.29Ni-0.076Nb-0.183V-0.061N-
0.4Si-0.32Mn (wt.%) steel could transform to another inter-
metallic compound Cr(V/Ta/Nb)N (i.e., Z phase), which should
be avoided because of its faster coarsening rate (Ref 22) And
the reduction of creep-resistant strength in 11-12% Cr F/M
steels is primarily ascribed to the appearance of Z phase (Ref
23, 24). Moreover, it has been demonstrated that the precip-
itation of Fe2(Ta, Nb) Laves phase particles in martensitic
matrix is not conducive to the HT microstructural stability and
mechanical property of the CLAM steel (Fe-0.09C-8.9Cr-
1.51W-0.15V-0.04Si-0.15Ta-0.49Mn (wt.%)) after a long-term
aging at 600 �C (Ref 25). Hence, the amounts of reduced-active
elements should also be controlled to achieve an optimal
combination.

In the present work, an optimized RAFM steel with high Cr
and medium Si is designed with the composition range shown
in Table 1 after considering both the oxidation/corrosion
resistances and microstructural stability at HTs, in which the
amounts of alloying elements are matched appropriately to
achieve the precipitation of only Cr23C6 and TaC carbides in a
single martensitic matrix. Then, the microstructural evolution
of the designed alloy with aging temperature and time will be
investigated, in which the variations of prior austenite grains,
martensitic lath, and precipitated particles are especially
focused on. The coarsening of carbide particles at different
temperatures will also be discussed. Besides, the mechanical
properties of this designed alloy at both room and elevated
temperatures will be studied.

2. Experimental

The designed alloy ingot with a weight of 500 kg was
prepared by double vacuum melting (vacuum induction +
vacuum arc). Then, it was homogenized at 1100 �C for 2 h,
followed by hot forging into an alloy rod with a diameter of 15
mm at 850 �C. Subsequently, the rod samples were normalized
at 1100 ºC for 1 h to obtain lath martensitic matrix, and then
tempered at 700 �C for 1 h to precipitate second-phase
particles. Finally, these tempered samples were aged at both
550 and 650 �C for 5, 10, 20, 50, 100, 200, 300, and 500 h,
respectively, to investigate the thermal stability of microstruc-
tures (especially the prior austenite grains, martensitic laths,
and precipitated particles). Each heat treatment was followed by
water quenching.

For the alloy rod, its measured composition was measured
by the XRF-1800 x-ray fluorescence spectrometer (XRF) (as
shown in Table 1), and it was found that the measured
composition is within the range of the designed alloy. And then
phase equilibria were investigated by means of JMatPro 7.0
software, in which the database for steels was used in the
calculation. The microstructures were observed by the Zeiss
Supra55 scanning electron microscopy (SEM) with an etchant
solution of 1% trinitrophenol + 5% alcohol hydrochloric acid +
94% alcohol (volume fraction). The elemental distributions and
phase compositions in heat-treated samples were analyzed by
the JXA-8530F PLUS electronic probe micro-analyzer
(EPMA). The microstructures were further examined using
the JEM-2100F FEG transmission electron microscope (TEM)
to further determine the precipitated phase structures, for which
the samples were prepared by mechanical polishing down to
about 40 lm thickness and then the twin-jet electro-polishing in
a solution of 10% perchloric acid + 90% alcohol (volume
fraction) at about �30 �C. Microhardness tests were conducted
using the HVS-1000 Vickers hardness apparatus under a
constant load of 300 g for 15 s, where each sample was tested at
least for ten times. Uniaxial tensile tests at room and elevated
temperature (550 �C) were conducted on an UTM5504 Mate-
rial Test System (MTS) equipped with a muffle furnace. And
the three tensile samples have a gauge size of 9.0 9 66.0 mm
(diameter 9 length) (room temperature) and 5.0 9 46.0 mm
(diameter 9 length) (550 �C) for each heat-treated state were
measured with a strain rate of 1.5 mm/min.

3. Results

3.1 Microstructural Characterization After Normalizing
and Tempering Treatments

Figure 1 shows the equilibrium phase fraction as a function
of temperature of the designed alloy by the JMatPro 7.0
software. It is found that in the temperature range of

Table 1 Nominal composition range and its measured composition (wt.%) of the designed RAFM steel

Fe C Cr W Ta V Si Mn N

Nominal Bal. 0.19-0.22 11.8 1.5 0.13-0.15 0.21 0.40-0.61 0.41-0.45 0.013-0.017
Measured Bal. 0.21 11.76 1.41 0.17 0.20 0.63 0.51 0.015
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900 � 1150 �C, the austenite is dominant without any ferrite,
which would transform into a full martensitic matrix after water
quenching. In addition, the MC-type carbide is very stable in
the whole temperature range, where the phase fraction keeps
constant from 400 to 1400 �C, being about 0.12% (as seen in
the inset of Fig. 1). By contrast, the phase fraction of M23C6 is
relatively high (� 4.4%) below 835 �C and drops drastically to
zero when the temperature reaches at 1100 ºC. There also exists
Fe2M Laves phase at low temperatures (< 700 �C) in the
equilibrium state. But no other carbides such as M7C6 and M6C
are found.

Microstructural observations on the tempered samples with
SEM and TEM are presented in Fig. 2, from which it is found
that the matrix consists of the martensite alone and the grain
size of prior austenite is about 22 ± 8 lm (Fig. 2a). Thus, the
normalization at 1100 �C is appropriate for achieving the full
martensitic matrix, which is in a well consistence with the
calculated result. After tempering at 700 �C for 1 h, both

Fig. 1 Variation of equilibrium phases with the temperature in Fe-
0.21C-11.76Cr-1.41W-0.17Ta-0.2V-0.63Si-0.51Mn-0.015N steel

Fig. 2 SEM (a-c) and TEM (d, e) images of the designed alloy in different states. (a, d, e): tempered state, (b): 550 ºC/500 h-aged state, and
(c): 650 ºC/500 h-aged state
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Cr23C6 and MC carbides are dispersed uniformly in the
martensitic matrix, as evidenced by the TEM bright-field
(BF) images and selected-area electron diffraction (SAED)
patterns in Fig. 2(d, e). Specifically, the Cr23C6 particles tend to
be distributed on the lath boundaries of martensite with a short-
rod shape and with a face-centered-cubic (FCC) structure (the
lattice constant a = 1.036 nm), in which the average size of
Cr23C6 particles is about 132 nm in length and 32 nm in width.
While the MC carbide particles are spherical with a size of
about 92 nm (in diameter) and distributed in the inner laths, still
exhibiting a FCC structure with a = 0.432 nm. And the lath
width of body-centered-cubic (BCC) martensite is about 124 ±
21 nm, as seen in Fig. 2(e). In this state, the volume fraction of
carbides (Cr23C6 and MC) is about f = 4.7 ± 0.4%.

3.2 Microstructural Evolution During Aging at 550 and 650 ºC

In order to study the thermal stability of microstructures at
elevated temperatures, the tempered alloy samples were aged at
both 550 and 650 �C for different times of 5 � 500 h. It is
found that the long time of 500 h aging at 550 �C does not
change the prior austenite grains, in which the grain size (� 22
lm) is comparable to that in tempered state, as seen in

Fig. 2(b). Meanwhile, the martensitic laths are not coarsened
even after 300 h aging and the lath width increases slightly
from 139 ± 29 nm to 147 ± 39 nm when aged for 500 h, as
presented in Fig. 3(a-1)-(c-1). Figure 3(a-2)-(c-2) gives the
morphologies of carbide particles in 550 �C-aged samples for
20 h, 300 h, and 500 h. It could be seen that the particle sizes of
both Cr23C6 and MC carbides keep almost constant with
prolonging the aging time, being 155 ± 89 nm and 112 ± 35
nm, respectively. Moreover, no other precipitated phases appear
during the aging process.

By contrast, there exists an obvious variation in microstruc-
ture during aging at 650 �C. Firstly, the grain size of prior
austenite increases up to � 40 lm after 500 h aging, as seen in
Fig. 2(c). More importantly, the martensitic laths are widened
drastically, as evidenced by the fact that the lath width increases
from � 124 nm in tempered state to � 184 nm after 20 h aging,
and then to � 207 nm and � 275 nm after 300 h and 500 h
aging, respectively (Fig. 4(a-1)-(c-1)). Also, the Cr23C6 parti-
cles are coarsened with the particle size increasing up to � 240
nm (in length) after 500 h aging. But the MC particles are not
affected by the aging time, and the particle size is about 92-115
nm, as presented in Fig. 4(a-2)-(c-2). Moreover, there does not
exist any other precipitated phases even after 500 h aging,

Fig. 3 TEM characterization of 550 ºC-aged alloy for different times. (a-1)-(c-1): martensitic laths, and (a-2)-(c-2): carbide particles for 20 h,
300 h, and 500 h, respectively, in which the lath width of martensite is also marked
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similar to that in 550 �C-aged state. The elemental distributions
in 500 h-aged sample was analyzed with EPMA (Fig. 5), from
which the Cr, W, and C elements are all segregated on grain
boundaries of prior austenite obviously, while the Ta element is
enriched in the inner grains together with C. It indicates that the
Cr23C6 carbide is also enriched with the W element, and the
MC carbide could be determined as TaC. Si is uniformly
distributed in the martensitic matrix, except in the carbides.

3.3 Mechanical Properties

The microhardness (HV) values of aged samples in different
states were all measured; the variation of HV values with the
aging time at both 550 and 650 ºC is shown in Fig. 6(a). It is
found that the microhardness value reaches a maximum of �
340 HV after aging for a short time (20 h) at both 550 and
650 �C. Then, the microhardness value decreases drastically
down to � 295 HV in 50 h-aged state. With furthering
increasing the aging time, the microhardness values keep
almost constant at 550 �C, while the microhardness would
decrease slowly to � 280 HV after aging for 500 h at 650 �C.

This might be ascribed to the fact that the volume fraction of
carbides in aged samples reaches the maximum in 20 h-aged
state, and then with increase in the aging time, the size of both
carbides and martensitic laths is coarsened, especially in aged
samples at 650 �C, leading to a slightly decrease in HV.

In order to clearly reflect the effect of microstructural
evolution on the mechanical properties of aged alloys, tensile
tests at both RT and 550 �C of alloy samples were then
performed, in which three states of samples were selected,
being treated after tempering, 550 �C/ 500 h aging, and 650 �C/
500 h aging, respectively. Figure 6(b) gives the engineering
stress–strain curves of theses treated samples, from which the
yield strength (rYS), the tensile strength (rUTS), and the
elongation to fracture (El) are measured and listed in Table 2.
The property parameters at RT are rYS = 620-820 MPa, rUTS =
810-1000 MPa, and d-20% for these treated samples; and those
at 550 �C are rYS = 500-650 MPa, rUTS = 550-725 MPa, and
El-17%, respectively. The decrease in mechanical strength after
500 h aging is closely related to both the coarsening of carbide
particles and the broadening of martensitic laths.

Fig. 4 TEM characterization of 650 ºC-aged alloy for different times. (a-1)-(c-1): martensitic laths, and (a-2)-(c-2): carbide particles for 20 h,
300 h, and 500 h, respectively
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4. Discussion

The particle size (the length of Cr23C6 and the diameter of
TaC) and volume fraction of carbides, as well as the width of
martensitic laths in tempered and aged states were counted.
And the variation of these parameters with the aging time at
both 550 and 650 �C is presented in Fig. 7. The martensitic
laths are very stable during aged at 550 �C, as evidenced by the
lath width from 124 ± 21 nm in tempered state to 147 ± 39 nm
in 500 h-aged state. However, they are coarsened obviously
during aged at 650 ºC with the lath width increasing up to 275
± 31 nm in 500 h-aged state (Fig. 7a). For the precipitated
carbides, the volume fractions in different states are compara-
ble, being 4.7 ± 0.4% in tempered state, 5.2 ± 0.8% in 550 �C/
500 h-aged state, and 6.8 ± 2.5% in 650 �C/ 500 h-aged state,
respectively (Fig. 7b). More importantly, the coarsening of
Cr23C6 particles at 650 �C is much faster than that at 550 �C,
which could be demonstrated by the fact that length of Cr23C6

particles increases from 132 ± 74 nm in tempered state to 240
± 36 nm in 650 �C/ 500 h-aged state, while it does not vary
during aged at 550 �C with the length of Cr23C6 particles being
155 ± 89 nm after 500 h aging (Fig. 7b). Meanwhile, the
spherical TaC particles are very stable during the aging process
at these two temperatures and are not coarsened even after a
long-term aging with an average size of 92-110 nm (Fig. 7b).

In fact, the coarsening of carbide particles is a significant
feature in F/M steels under the operating conditions, which is
controlled by the classical Ostwald mechanism (Ref 26). And
the Lifshitz–Slyozov–Wanger (LSW) theory was always
applied to describe the coarsening behavior of precipitated
particles in diverse alloy systems (Ref 27). Thus, the coarsening
rate of carbide particles could be obtained by the following
Eq. 1 (Ref 28):

Fig. 5 Elemental distributions in the 650 ºC/ 500 h-aged by the EPMA

Fig. 6 Mechanical properties of the current alloy in different states,
(a): the variation of microhardness HV with the aging time at both
550 and 650 ºC, and (b): engineering tensile stress–strain curves
measured at room temperature and 550 ºC
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r3 tð Þ � r3 t0ð Þ ¼ K t � t0ð Þ ðEq 1Þ

where K is the coarsening rate constant; r(t) is the average size
at time t, which is the half-length for Cr23C6 and the radius for
TaC, respectively; and t0 refers to the time at the onset of
coarsening. So the variation of r3(t) with the time t for both
Cr23C6 and TaC particles could be drawn, as presented in
Fig. 8, in which the fitted slope is the coarsening rate of
particles. Obviously, the coarsening of Cr23C6 particles at both
550 and 650 ºC is much faster than that of TaC particles. TaC
particles exhibit a very slow coarsening with K = (1.75-
4.52)910�26 m3/h at these two temperatures. While the
coarsening rate constant of Cr23C6 is K = 2.78910�25 m3/h

at 550 ºC and K = 1.89910�24 m3/h at 650 ºC, which is about
2-3 orders of magnitude higher than that of TaC particles,
indicating that the TaC particles are much more stable than
Cr23C6 at elevated temperatures.

It is also emphasized that the particle coarsening is related to
the diffusion coefficient of solute elements (Ref 29). Here, the
diffusion coefficient values of carbide-forming elements of Cr,
Ta, and W in BCC a-Fe at both 550 and 650 ºC were calculated
with Eq. 2:

DM ¼ DO � exp �QM=RTð Þ ðEq 2Þ

where D0 is the constant of diffusion coefficient and QM is the
activation energy of M element for diffusion (Ref 30, 31), R =
8.314 J/molÆK is the gas constant, and T is the Kelvin
temperature. The calculated values are listed in Table 3, from
which it could be found that the diffusion coefficients of Cr and
W elements are much larger than that of Ta at these two
temperatures, as evidenced by DCr = 8.11910-19 m2/s > DW =
2.06910-19 m2/s > DTa = 8.71910-23 m2/s at 650 ºC (Ref 32-
35). The faster diffusion of Cr and W will lead to a preferably
gathering in Cr23C6 and then to a rapid coarsening, which could
be well demonstrated by the EPMA result in Fig. 5. By
contrast, the lower diffusion coefficient of Ta would certainly
result in a slow coarsening rate of TaC particles. In addition, the
relatively faster diffusion of carbide-forming elements at
650 ºC accelerates the coarsening of carbide particles, as
evidenced by the fact that the particle size of Cr23C6 particles
during aging at 650 ºC is much larger than that in 550 ºC-aged
state (Fig. 3 and 4).

Table 2 Tensile property data of the designed alloy in different states measured at room temperature and 550 ºC,
including yield strength (rYS), ultimate tensile strength (rUTS), and elongation to fracture (El)

States

Room temperature 550 �C

rYS, MPa rUTS, MPa El,% rYS, MPa rUTS, MPa El,%

Tempered 818 978 19 657 725 15
550 ºC/500 h 689 909 19 577 611 17
650 ºC/500 h 616 814 22 507 549 19

Fig. 7 Variations of the lath width of martensite (a) and the particle
size and volume fraction of Cr23C6 and TaC carbides (b) with the
aging time at 550 and 650 ºC in the designed alloy

Fig. 8 Plot showing the linear fit of carbides precipitate size vs
aging time at 550 and 650 ºC. The coarsening rate constant (K) and
coefficient of determination (R2) were also labeled
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The variation of microstructure (including the lath width of
martensite and particle size of carbides) affects the mechanical
property of the designed alloy. For the RT yield strength of
the present alloy, it exhibits the highest value with rYS = 818
MPa in tempered state and then decreases gradually down to
rYS = 689 MPa after aging at 550 ºC for 500 h and to rYS =
616 MPa after aging at 650 ºC for 500 h. The decrease in
yield strength is mainly ascribed to both the widening of
martensitic laths and the coarsening of carbide particles. It
could be identified by the fact that after a long-time (500 h)
aging, the width of martensitic lath increases from 124 ± 21
nm in tempered state to 147 ± 39 nm at 550 ºC and to 275 ±
31 nm at 650 ºC, respectively, resulting in a reduction of
martensitic matrix strengthening (Ref 36, 37). On the other
hand, the length of Cr23C6 increases from 132 ± 52 nm in
tempered state to 155 ± 89 nm in 550 ºC/ 500 h-aged state
and to 240 ± 36 nm in 650 ºC/ 500 h-aged state obviously,
which also contributes to the reduction in yield strength
(Ref 38, 39).

5. Conclusions

The microstructural stability at HTs and the mechanical
property of Fe-0.21C-11.76Cr-1.41W-0.17Ta-0.2V-0.63Si-
0.51Mn-0.015N (wt.%) alloy have been investigated system-
atically. After tempering, the designed alloy exhibits a full
martensitic structure with the lath width of � 139 nm. The
martensitic laths are very stable during aged at 550 ºC and the
lath width (130-150 nm) does not vary during the aging
process, while an obviously widening appears in martensitic
laths when aged at 650 ºC with a lath width of about 275 nm in
500 h-aged state. For the precipitated carbides, the TaC
particles are very stable during the aging process at both
temperatures, as evidenced by the average size of 90-110 nm
even after a long-term aging. By contrast, the length of Cr23C6

particles increases distinctly from �132 nm in tempered state to
� 240 nm in 650 ºC/ 500 h-aged state. The coarsening rate
constant (K = 1.89910-24 m3/h) of Cr23C6 at 650 ºC calculated
by the LSW theory is much higher than that (K = 4.52910-26

m3/h) of TaC, which is mainly due to the different diffusion
coefficients of carbide-forming elements of Cr and Ta. In
addition, the 500 h-aged alloy exhibits prominent mechanical
properties at both room temperature (rYS = 616-689 MPa and
El = 19-22%), and at 550 ºC (rYS = 507-577 MPa and El = 17-
19%).
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