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Abstract: This review summarizes the strengthening mechanisms of reduced activation ferritic/martensitic (RAFM) steels. High-angle grain
boundaries, subgrain boundaries, nano-sized M,;Ce, and MX carbide precipitates effectively hinder dislocation motion and increase high-tem-
perature strength. M,;Cg carbides are easily coarsened under high temperatures, thereby weakening their ability to block dislocations. Creep
properties are improved through the reduction of M,;Cg carbides. Thus, the loss of strength must be compensated by other strengthening mech-
anisms. This review also outlines the recent progress in the development of RAFM steels. Oxide dispersion-strengthened steels prevent Mp;Ce
precipitation by reducing C content to increase creep life and introduce a high density of nano-sized oxide precipitates to offset the reduced
strength. Severe plastic deformation methods can substantially refine subgrains and MX carbides in the steel. The thermal deformation
strengthening of RAFM steels mainly relies on thermo-mechanical treatment to increase the MX carbide and subgrain boundaries. This pro-
cedure increases the creep life of TMT(thermo-mechanical treatment) 9Cr—1W—0.06Ta steel by ~20 times compared with those of F82H and
Eurofer 97 steels under 550°C/260 MPa.

Keywords: reduced activation ferritic/martensitic steel; strengthening mechanism; high-angle grain boundary; subgrain boundary; precipitate

1. Introduction

Reduced activation ferritic/martensitic (RAFM) steels are
promising cladding structure materials applied in nuclear fu-
sion energy reactors because of their inherently superior
thermal conductivity, relatively low thermal expansion, and
resistance to radiation-induced swelling and helium embrit-
tlement compared with austenitic stainless steels [1-3]. In the
1980s, ferritic stainless steels were mainly used as the clad-
ding structure materials in nuclear fusion energy reactors.
However, after long-term service, the steels show a relatively
high radioactivity that is difficult to handle [4]. In 1984,
Bloom ef al. [5] first proposed the concept of low activation
materials, and they believed that the radioactivity of the ma-
terials after irradiation mainly comes from the constituent
highly active elements. Therefore, low activation elements
such as V, Ta, Ti, and W should be selected rather than high
activation elements such as Nb, Mo, Co, and Ni for the com-
positional design of cladding structure materials [6—7]. In
1989, Klueh et al. [8-10] first developed 9Cr2WVTa steel
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through a series of research on 2.25wt%—12wt% Cr steels.
The tensile properties of the material are comparable to those
of commercial 9Cr—1MoVNDb heat-resistant steels. Since
then, many countries have developed different types of
RAFM steels, such as the F82H [11] and JLF series steels
[12] in Japan, the EUROFER97 steel [13] in Europe, the
China low activation martensitic (CLAM) steel [14] in China
[12-13], the INRAFM steel in India [15], and the ARAA
steel in South Korea [16]. So far, RAFM steels have achieved
industrial production. For example, the F82H and EURO-
FER97 steels have reached the fabrication level of 10-20 t
and the CLAM steel has reached the level of 6.5 t [17], re-
spectively.

In the past 30 years, RAFM steels have achieved substan-
tial progress, but many deficiencies remain. First, the poor
long-term aging structure stability and the low high-temper-
ature creep resistance of RAFM steels limit their service tem-
perature and affect the conversion efficiency of the nuclear
fusion reactor [2,18]. Second, the creep—fatigue cyclic
softening phenomenon in RAFM steels limits the maximum
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load of the nuclear fusion reactor [19-20]. Third, the struc-
ture stability of RAFM steels is poor at high temperatures.
The high temperature produced by welding leads to recrys-
tallization and precipitate coarsening in the steels, reducing
the high-temperature strength of the heat-affected zone and
accelerating the joint creep damage in service at high temper-
atures and stresses [21-24]. Fourth, RAFM steels exhibit low
impact performance after irradiation. Under irradiation con-
ditions, the ductile brittle transition temperature (DBTT) of
RAFM steels increases significantly, leading to high-temper-
ature embrittlement and deteriorating safety performance
[25-26]. Last, RAFM steels have poor dimensional stability.
The steels encounter remarkable dimensional expansion
when the irradiation dose exceeds 25 displacement per atom
[27-28].

In recent years, a few studies have shown that nano-sized
MX carbides significantly improve the high-temperature
mechanical properties of RAFM steels. For example, oxide
dispersion-strengthened (ODS) steels have remarkably better
high-temperature mechanical properties than the traditional
RAFM steels because the nano-sized oxide particles dis-
persed in ODS steels effectively block the dislocation mo-
tion during high-temperature creep [29-30]. Similarly, mi-
croalloying strengthening increases nanoparticle content be-
cause microalloying elements, such as V, Ti, and Ta, effect-
ively promote MX carbide precipitation [31-33]. For ex-
ample, Chen et al. [34] successfully increased the MX
carbide content in low-carbon RAFM steels by adding Ta,
thereby improving the creep rupture time under 550°C/180
MPa from 160 to 230 h.

Nevertheless, the high-temperature mechanical properties
of RAFM steels do not always increase with increasing nano-
sized MX carbides. Zhai et al. [35] suggested that nano-sized
MX carbides can also increase significantly with the increase
in Ta content in a RAFM steel with normal carbon content
(0.1wt%), but the high-temperature mechanical properties
decrease obviously. For example, the yield strength of
RAFM steels decreases from 375 to 340 MPa at 700°C as the
Ta content is increased from 0.03wt% to 0.15wt%. Our
group also showed that Ti can effectively promote the pre-
cipitation of MX carbides in the CLAM steel. However, the
high-temperature mechanical properties decrease with the
addition of Ti because the formation of M,;C carbides is in-
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hibited by Ti alloying [36]. By contrast, Chen et al. [34]
found that the amount of M,;Cy carbides in a low-carbon
RAFM steel is scarce because of the low-carbon content
(<0.02wt%). The addition of microalloying elements only
promotes the precipitation of MX. Therefore, the strengthen-
ing mechanism of RAFM steels is governed by other factors
aside from the nano-sized precipitates because the high-tem-
perature mechanical properties do not increase by merely ad-
justing a certain process to increase the formation of nano-
sized MX carbides. Hence, the differences and connections
of the various strengthening mechanisms in RAFM steels
need to be discussed. This review summarizes the main
strengthening mechanisms of RAFM steels and then presents
the development of the steels in recent years.

2. Microstructure and strengthening mechan-
ism
2.1. Microstructure

RAFM steels are the first option for fusion blanket struc-
tural materials because of their high service temperatures
[37]. RAFM steels are usually martensitic, mainly consisting
of prior austenitic grain boundaries, lath/sub grain boundar-
ies, and precipitated phases, to meet the service demand at
high temperatures [38]. Numerous laths and subgrain bound-
aries retain high strength at high temperatures by blocking
dislocation motion. In general, precipitates in RAFM steels
are classified as metastable and stable precipitates. The meta-
stable ones mainly include M;C, M,Cs, and M,X, and they
exist only at low and medium temperatures but change to
My;Cs and MX precipitates under high-temperature temper-
ing [39]. Laves [40] and Z phases [41] may form in the steels
after long exposure to elevated temperatures. Fig. 1 shows a
schematic of the microstructure of a tempered RAFM steel.
The RAFM steel consists of prior austenite grains with dif-
ferent orientations, and each grain contains several lath
bundles with different orientations. Each lath bundle consists
of several martensitic laths, and several M»;Cq and MX
carbides rest on the grain boundary, subgrain boundary, and
matrix [42—43]. The number and character of grain boundar-
ies, lath interfaces, and precipitates are closely associated
with the macroscopic mechanical properties of the RAFM
steel.

Lath bundle interface

Prior austenitic boundary

Fig. 1. Schematic of microstructures in the tempered RAFM steel.
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2.2. Grain boundary strengthening

In general, the yield strength of metallic materials can be
considerably improved by grain refinement [44]. The applic-
ation of RAFM steels at high temperatures and low stresses
requires high-temperature creep properties and good tensile
properties. However, the influence of grain boundaries on the
creep and tensile properties of polycrystalline materials is
different. The creep process of polycrystals includes intra-
granular sliding and grain boundary sliding, which are
closely related to temperature [45]. At low temperatures, a
grain boundary can effectively block dislocation slip. Thus,
the creep strength of materials increases with decreasing
grain size, and the creep rate is positively proportional to the
square of grain size (i.e., o<d”) [46]. At high temperatures,
the binding force between the boundaries of neighboring
grains is significantly weakened under shear stress, leading to
grain boundary sliding [47], Fig. 2 is a schematic of grain
boundary sliding during high-temperature creep. The creep
strength of the material decreases with decreasing grain size,
while the creep rate is inversely proportional to grain size
(i.e., e<1/d) [48].

Creep direction
-

Creep direction
B ——————

Prior austenite boundary

Fig. 2. Schematic of grain boundary sliding during high-tem-
perature creep.

Grain boundaries exert harmful effects on high-temperat-
ure creep properties; thus, the microstructures of iron-based

and nickel-based heat-resistant materials are usually de-
signed as those with columnar crystals [49] or single crystal
[50] to reduce the area of grain boundaries. Such a design im-
proves high-temperature creep properties. Unfortunately, the
service condition of RAFM steels is different from that of
traditional heat-resistant materials. Apart from the high tem-
perature, high irradiation is also a key factor. The defects
caused by irradiation increase the microhardness of the ma-
terial and lead to radiation hardening. The DBTT of the ma-
terial increases with increasing irradiation dose [25-26].
When the DBTT value rises above room temperature, brittle
fracture occurs with a large probability. In addition, grain size
exerts a prominent effect on the DBTT value of metallic ma-
terials, and the relation between the DBTT value and grain
size is expressed by the following equation [51]:

Tc=x-yxd'? 1)
where T is the DBTT of a steel, x is a constant related to the
chemical composition, y is the coefficient reflecting the abil-
ity of material to resist brittle crack propagation, and d is the
grain size. Obviously, DBTT increases significantly with in-
creasing grain size. Hence, a small grain size (i.e., 10-20 pm)
is generally expected for RAFM steels [11-16].

2.3. Subgrain boundary strengthening

The misorientation of each martensitic lath in tempered
martensite is unique. A small misorientation of ~2°—8° exists
between adjacent martensitic laths [52]. Therefore, a single
martensitic lath can be regarded as a “subgrain.” In general, a
subgrain boundary is a dislocation grid with a thickness of
several atoms [53]. Thus, a subgrain can be considered as a
small unit with different orientations separated by a disloca-
tion wall [54]. Fig. 3 shows the morphology of subgrains and
dislocation walls observed in a 304 stainless steel [55].

Fig. 3. Subgrains and dislocation wall observed by Kassner in a 304 stainless steel [S5]. Reprinted from Mater. Sci. Eng. A, 410-411,
M.E. Kassner, Recent developments in understanding the mechanism of five-power-law creep, 20, Copyright 2005, with permission

from Elsevier.

Creep strength is related to dislocation density in the steel.
At the beginning of creep, only a few dislocations appear in
the steel [56], and the dislocation density increases greatly
under external loading, following Frank—Read source mech-
anism [57] and double cross slip mechanism [58]. Con-

sequently, the steel has a high initial instantaneous creep rate.
With the subsequent progress of creep, dislocations interact
with the precipitates and subgrain boundaries; hence, the dis-
location motion is hindered, thereby decreasing the increas-
ing speed of free dislocation density and creep rate [59]. In
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addition, high temperatures lead to the recovery of disloca-
tions and the reduction of dislocation density [60]. Indeed,
subgrain boundaries consist of high-density dislocation walls.
In addition, they may not slip as the high-angle grain bound-
aries during creep because of the minimal misorientation
between subgrain boundaries. Therefore, subgrain boundar-
ies can effectively block dislocation motion under the effect
of external stress [61-62]. As creep proceeds, dislocations
within the subgrains slip and then accumulate at the subgrain
boundaries, leading to internal stress. As a result, the genera-
tion of dislocations is hindered, and internal stress continues
to increase with the increase in dislocations at grain boundar-
ies [63]. When the internal stress reaches the external stress,
the internal stress on the grain scale reaches equilibrium and
the dislocation proliferation stops. Thus, creep comes to a
steady-state creep stage because the annihilation and genera-
tion of dislocation reach a balance and dislocation density re-
mains identical [64]. A schematic of stress state at a subgrain
boundary is shown in Fig. 4. The strength increment of the
subgrain is calculated by using the following equation [65]:

\(7\ Applied stress o,

2
VAN

Subgrain boundary

Fig. 4. Schematic of stress state at a subgrain boundary.

Aoy, = MGD/A 2)
where M is the Taylor factor with a value of 3, G is the shear
modulus (76 GPa for steel), b is the Burgers vector (2.85 x
10" m), and A is the subgrain size. It shows that the creep
strength of steels increases monotonically with decreasing
subgrain size.

2.4. Precipitation strengthening

2.4.1. Effect of precipitate types

Precipitation strengthening is an important method in
martensitic heat-resistant steels [66]. The dispersed fine pre-
cipitates effectively prevent the sliding of grain boundaries
and dislocations at high temperatures, which significantly en-
hances the high-temperature strength of steels [67—68]. Tana-
ka et al. [69] suggested that the precipitation strengthening is
maintained to a temperature of 0.65-0.77,, (T, is the temper-
ature of melting point). The precipitates in RAFM steels are
mainly My;Cy and MX carbides [39]. My;Cy carbides with a
large diameter of 100-200 nm have a complex cubic lattice
structure, and the lattice constant is 1.06—1.10 nm [70]. It is
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mainly distributed at the interface between austenite and
martensitic lath, and can effectively block interface migra-
tion and dislocation slip [71]. The M,;C¢ precipitates and the
matrix follow the relationship of (011)m,c//(112)y5.. The
strengthening increment of M,;Cy carbides is evaluated by
using the dispersed barrier hardening (DBH) model [72]:

Aoy, = MaGb VNd 3)

where M is the Taylor factor with a value of 3, G is the shear
modulus (76 GPa for steel), @ is the barrier strength factor
(1.0 for voids), N is the density, and d is the average size of
M,;C; carbides, respectively.

The size of MX-type carbonitride is relatively small (<30
nm). It has a face-centered cubic (fcc) lattice structure, and
the lattice constant is 0.41-0.45 nm [73]. The MX precipit-
ates and the matrix follow a relationship of (011)yx//(111) g
They are mainly distributed in the martensitic lath and play
an important role in hindering dislocation slip [69]. The
strengthening increment of MX carbides can be calculated by
using the Orowan strengthening mechanism [74]:

0.7MGb\/f,
— “
where fy is the volume fraction of precipitates and d is the av-
erage size of precipitates.

Considering that the main forming element of MyCy4 and
MX carbides is carbon, we carry out a comparative calcula-
tion on the strengthening of two types of precipitates formed
by the same number of carbon atoms in unit volume:

OMX =

AO—MQ_;Cﬁ _ MaGb NM:%C() dM:zCa _
AO-MX 0.7MGb \/ﬁ/MX

dMX

V2Nm,co e, V2Nm,,c, e,

0.7\/4/3NMan§AX VOSTNuxwix

®)

ZrMX

where 7 is the average radius of M;C¢ carbides. The radius of
M,;C carbides is about three times that of MX carbides be-
cause the number of C atoms in the two precipitates is
identical (Nm,,c, = 6Nmx). Thus, we obtain Ao,,c,/Aomx =
1.4. That is, the strengthening effect of M,;C; carbides is 1.4
times higher than that of MX carbide, provided with the same
amount of C atoms. The calculated result is consistent with
the findings of our group [36]. However, our study shows
that the large My;C; particles promote dislocation accumula-
tion and consequently induce stress concentration. This phe-
nomenon undoubtedly results in crack initiation and
propagation, reducing the plasticity of steels [36].
2.4.2. Thermal stability of precipitates

At high temperatures, M»Cs and MX carbides become
coarse. The coarsening mechanism of the two precipitates
conforms to Oswald ripening, i.e., small particles dissolve



J.H. Zhou et al., Strengthening mechanisms of reduced activation ferritic/martensitic steels: A review 339

and large particles coarsen [75-76]. Oswald ripening signi-
ficantly decreases the amount of precipitates and increases
the size of precipitates, reducing the strengthening effect of
the precipitates (Egs. (4) and (5)). However, the thermal sta-
bility of M»;Cy and MX carbides is different. RAFM steels
are usually applied in an environment of 500—600°C. The
dissolution temperature of My;Cq carbides is ~830°C, indic-
ating that they are easy to coarsen under the service condi-
tion [77-78]. By contrast, the dissolution temperature of MX
carbides is >1200°C, which has good thermal stability under
the service condition of steels [79-80]. Sawada et al. [81] re-
ported that the coarsening rate of MX carbides is only 1/10
that of M,;C¢ carbides at 500-600°C. Therefore, despite the
high contribution of M,;Cs carbides to strength, its low
thermal stability makes the strengthening effect of the steel at
high temperatures very limited [82—83]. Hence, the contents
of two types of precipitates in steels must be controlled to re-
tain a good combination of thermal stability and creep
strength.
2.4.3. Radiation resistance of nanoprecipitates

The radiation damage of RAFM steels in a fusion reactor
is mainly caused by the collision of neutrons and crystal
atoms [84]. Once the collided atoms obtain enough energy,
they overcome the restriction of surrounding atoms and move
from the original position. As a result, the atom is called a
gap atom, which leaves a vacancy at the previous lattice point
to form a Frank defect. Provided with more energy, the col-
lided atoms must collide with other atoms when they leave
the initial lattice point. This process leads to the formation of
a series of Frank defects. The shift atoms produced by the ini-
tial collision of incident neutrons and lattice atoms are called
primary knock-on atoms [85], whereas the subsequent colli-

sions caused by the displaced atoms are called cascade colli-
sions [86]. The formation of dislocated atoms and vacancies
leads to the irradiation swelling of steels. Hence, the dimen-
sion of the material increases and the toughness significantly
decreases.

Nano-sized MX carbides greatly reduce the irradiation va-
cancy content in steels. The main reason is that the nucle-
ation energy of the vacancy at the interface is much lower
than that at the matrix. Meanwhile, the nano-sized MX
carbides significantly increase the interface area within steels,
which makes the vacancy easy to nucleate at the interface
between the MX carbides and the matrix but difficult to mi-
grate and aggregate [87-88]. In addition, the MX carbides
completely precipitate in the solution treatment stage of a
steel because of the high precipitation temperature, allowing
effective grain refinement [89]. Consequently, the increasing
grain and subgrain boundary area significantly hinders the
movement and aggregation of dislocations, leading to local
hardening [90]. Fig. 5 is a schematic of dislocation motion
and vacancy migration in a steel without precipitates com-
pared with that containing the MX carbides after irradiation.

2.5. Comparison of different strengthening mechanisms

Fig. 6 shows the typical high-temperature creep curve of a
RAFM steel. The creep process can be divided into three
stages, i.e., initial creep stage (1), steady-state creep stage
(1), and accelerated creep stage (III) [91]. The initial creep
stage usually shows a fast creep rate due to the low free dislo-
cation density. As the dislocation density increases, the creep
gradually progresses into the steady-state creep stage (see
Section 2.3 in detail). The steady-state creep stage is the most
important of the three, and the creep rate at this stage remains

Prior austenite boundary

(a)
< T Rk Shr
A =T
KDL SAVN v N distly
3 ~
N
=/ <
=4
KA E ;
R 4 \ /
[= T

(b) 4

Dislocation  Subgrain boundary

Fig. S.
MX carbides.

Vacancy MX

Schematic of dislocation motion and vacancy migration in the steel during irradiation: (a) without MX carbides; (b) with
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constant (Ae/AT is constant). The creep rate reflects the res-
istance ability of the microstructure to dislocation motion,
and the duration of steady-state creep stage is mainly determ-
ined by the high-temperature structure stability of steels [47].
At high temperature and/or applied stress, the sub-crystals
and precipitates become coarse. Meanwhile, grain boundary
sliding greatly reduces the ability of blocking dislocations.
Therefore, the creep rate increases and reaches the acceler-
ated creep stage. The increasing high-angle grain boundaries
(HAGBES), subgrain boundaries, and nano-sized MX carbides
improve the high-temperature strength and microstructure
stability of the steels. Although M,;Cs carbides effectively
improve high-temperature strength, their poor high-temper-
ature stability greatly reduces creep life and their large size
deteriorates ductility. Therefore, at present, the improvement
of creep properties is mainly achieved by reducing the M,;Cq
carbide content to increase the high-temperature structure
stability of steels through other strengthening mechanisms
that offset the strength reduction. The research of new RAFM
steels is still in infancy, and systematic research on radiation
damage mechanism has not been reported. Therefore, the fol-
lowing sections only discuss the microstructures and mech-
anical properties of new RAFM steels without irradiation.

d

© ¢
£
g
7
b
1 II 1
a
Time, ¢
Fig. 6. Typical high-temperature creep curve of the RAFM
steel.

3. Recent development of RAFM steels
3.1. Oxide dispersion-strengthened (ODS) steel

The main design idea of ODS steels is to greatly reduce
the C content for inhibiting the precipitation of M,;Cq
carbides and concurrently introduce numerous nanoscale ox-
ide precipitates for offsetting the strength reduction caused by
the reduction of M,;C¢ carbides. Oxides have better thermal
stability because of their higher dissolution temperature than
My;Cs and MX carbides [92]. Thus, the induced nanoscale
oxide particles improve the precipitation strengthening and
thermal stability of steels simultaneously. In the 1960s, SCK
CEN in Belgium developed the first ODS steel [93]. At first,
Y,0; is the main oxide in ODS steel because Y,O; particles
have strong anti-radiation decomposition and anti-oxidation
peeling abilities [94]. However, the size of Y,0; in ODS
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steels is usually large (~30—40 nm), leading to the limited
strengthening effect. Klueh et al. [95] reported that adding Ti
to the ODS steel results in the formation of fine Y-Ti-O
particles with a size of 3—5 nm. By contrast, the size of MX
carbides in the EUROFER97 steel is 20-30 nm [96]. Sub-
sequently, Al was introduced to improve the corrosion resist-
ance of ODS steels. Given the strong oxygen affinity of Al,
Y—AI-O particles are preferentially precipitated in Ti-con-
taining ODS steels. However, the large Y—AIl-O particles
(~10-20 nm) cause the significant reduction of mechanical
properties of the steel compared with the fine Y-Ti—O pre-
cipitates [97]. To overcome this problem, Dou ef al. [98] re-
fined the oxide particles to 7 nm by adding Zr in an Al-con-
taining ODS steel. Yan further refined the oxide particles to 4
nm by adding Hf in an Al-containing ODS steel [99]. As a
result, the high-temperature strength and radiation resistance
of the ODS steel are much higher than those of the RAFM
steel in the same period. Fig. 7 shows a comparison of the
high-temperature creep performance and radiation resistance
between ODS and RAFM steels in recent years [100—103].
The creep life of the 9Cr ODS steel is ~1000 times longer
than that of the F82H and Eurofer 97 steels under 650°C/130
MPa. Thus, the ODS steel is a possible candidate to meet the
servicerequirements ofnext-generationnuclear fusionreactors.

Nevertheless, the preparation process of ODS steels is
complex. Thus, the fabrication is difficult to be industrialized
at present. ODS steels are mainly prepared via powder metal-
lurgy [104], and a schematic of the preparation process is
shown in Fig. 8. In brief, the metal and oxide particles are
separately milled to nanometer powders, and then the metal-
lic and oxide powders are mixed by mechanical alloying to
promote the homogeneity of the material. The mechanical al-
loying powders are sintered via hot isostatic pressing to en-
hance the compactness of the material and promote the nuc-
leation of nano-sized oxide particles in steels. Finally, the mi-
crostructure of the steel is further controlled by deformation
processing and heat treatment. Ball milling and mechanical
alloying are difficult to control. Thus, they may lead to the
discrepancy of chemical compositions of ODS steels.
Moreover, the preparation process is complex, time consum-
ing, and inefficient, leading to a great increase in the produc-
tion cost of ODS steels [105]. At present, the development of
ODS steels is mainly focused on how to improve production
capacity and efficiency to achieve mass production of bulk
ODS steels.

3.2. Machining strengthened RAFM steel

Machining strengthening can be divided into cold deform-
ation and thermal deformation. The main idea of the cold de-
formation strengthening of RAFM steels is to greatly refine
subgrains and carbides by introducing severe plastic deform-
ation (SPD) [106-107] at low temperatures in order to in-
crease subgrain boundary strengthening and precipitation
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strengthening. In 2011, Wang et al. [108] first prepared ul-
trafine subgrained P91 steel through surface mechanical attri-
tion treatment (SMAT). They successfully reduced the aver-
age diameter of subgrains and M,;C¢ carbides to 35 and 20
nm, respectively, from 320 and 125 nm in the traditional
RAFM steel, respectively. However, SMAT is a SPD meth-
od to synthesize the nanostructured surface layer on metallic
materials; thus, it cannot fabricate samples with large dimen-
sions. Later, Chen et al. [109] prepared an ultrafine sub-
grained RAFM steel by cold forging and post-annealing,
which reduced the subgrain and M;Cy carbide size to 240
and 60 nm, respectively. Compared with the traditional
quenching plus tempering process, cold forging and post-an-

nealing successfully increase the yield strength of the RAFM
steel from 550 to 650 MPa and elongation from 18% to 25%.
Recently, Jin et al. [110] have prepared an ultrafine sub-
grained 9Cr2WVTa steel by multi-pass rotary-swaging and
post-annealing, and reduced the subgrain and M,;Cs carbide
sizes to 330 and 50 nm, respectively. The creep life of ul-
trafine grained 9Cr2WVTa steel at 550°C has been greatly
improved, i.e., 550 h at an applied stress of 270 MPa and ex-
ceeding 1300 h at an applied stress of 250 MPa. By contrast,
the creep lives of the Eurofer 97 and F82H steels are merely
17, 50, and 150 h under identical creep conditions. The creep
life of the cold deformed 9Cr2WVTa steel is 30 times higher
than that of the F82H and Eurofer 97 steels under 550°C/270
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MPa. The comparison of creep lives among ultrafine sub-
grained 9Cr2WVTa, typical Eurofer 97, and F82H steels is
shown in Fig. 9.

\
\
* el 8
B 1 Teu R3¢ ssoea
= {
S 100 W hy\x
@ | [TH600°C
2 a9
g } e
A o Eurofer 97 [17] T Rhe
x F82H [17] 030°C
a 9Cr2WVTa SPD [110]
o Eurofer 97 TMT [111]
2 9Cr—1W—0.06Ta TMT [112]
10 1 1
10? 103 10 10°
Time /h
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The thermal deformation of RAFM steels is mainly asso-
ciated with thermo-mechanical treatment (TMT) [113]. The
main idea of TMT is to reduce the M,;C; carbide precipita-
tion strengthening and replace it with MX carbide precipita-
tion strengthening, grain boundary strengthening, and sub-
grain boundary strengthening. The goal is to increase thermal
stability and improve the high-temperature creep properties
without losing the strength of steels. Fig. 10 shows a schem-
atic of the structural change in a steel under TMT processing.
First, the steel is heated above the austenitizing temperature
(1050-1300°C) to dissolve the precipitate and then cooled to
700-1000°C for hot rolling. These procedures introduce

Rolling .__-——

Dislocations —>

/S
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e
]
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MX carbide precipitation
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high-density dislocations and reduce subgrains. Meanwhile,
the precipitation of MX carbides instead of M,;C carbides is
promoted. Finally, the steel is annealed at 650—800°C to ob-
tain completely recrystallized grains and completely precipit-
ate M,;C4 carbides [114]. In 2016, Hoffmann ef al. [111]
treated the Eurofer 97 steel by using TMT at a thermal de-
formation temperature of 700°C and annealing temperature
of 750°C. TMT significantly improves the high-temperature
creep properties of the Eurofer 97 steel to >2300 h at
650°C/100 MPa and >4200 h at 600°C/140 MPa. By con-
trast, the creep lives of the typical Eurofer 97 and F82H steels
at identical creep conditions are about 1000 and 200 h, re-
spectively. So far, no systematic analysis is conducted on the
microstructural change before and after TMT. Prakash et al.
[115] prepared a 9Cr—1W—-0.06Ta RAFM steel via TMT at a
thermal deformation temperature of 700°C and annealing
temperature of 760°C. Compared with traditional quenching
plus tempering, prior austenitic grain size significantly in-
creases from (10 = 2) um to (175 £ 12) um, the M,;Cq
carbide size decreases from 50—150 nm to 30-100 nm, the
MX carbide size decreases from 20-50 nm to 5-30 nm, and
the subgrain size decreases from 272 nm to 179 nm [110]. As
expected, the high-temperature creep life of the steel signific-
antly increases to 1200 h at 550°C/260 MPa [112] compared
with ~50 h under the same creep conditions for typical Euro-
fer 97 and F82H steels [17]. The creep life of the TMT-pro-
cessed 9Cr—1W—0.06Ta is about 20 times higher than that of
the F82H and Eurofer 97 steels under 550°C/260 MPa. Com-
parison of the creep lives between two types of TMT steels
and the typical Eurofer 97 and F82H steels is summarized in
Fig. 9.

]
'l‘ en

Annealing

M,,C; carbide precipitation

Fig. 10. Schematic of the microstructural variation in RAFM steel under thermo-mechanical treatment (TMT).

3.3. Microalloying and unconventional heat treatment
strengthening

Microalloying elements, such as Ti, Mo, V, and Ta, are
strong carbide-forming elements. In steels, these elements
easily form stable MX carbides [33]. Theoretically, the addi-

tion of microalloying elements can significantly promote the
precipitation of MX carbides and inhibit the precipitation of
M,;C¢ carbides because the precipitation temperature of the
former is considerably higher than that of the latter [77-78].
For example, Xiao et al. [112,116] suggested that adding V
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and Ta in RAFM steels not only leads to the precipitation of
MX carbides but also refines M,;C4 carbides. Basing from
this idea, we prepared a CLAM steel containing 0.10wt% Ti
by controlling the tempering and other preparation processes.
Strength reduction caused by the decreasing My;Cs is com-
pensated by increasing the subgrain strengthening [117]. Ta-
ble 1 shows the microstructure information of 0.10wt% Ti
CLAM steels treated with different tempering processes
[117], and the conventional CLAM steel without Ti is in-
cluded for comparison. Due to the same rolling and quench-
ing process, the grain size and MX carbide size of the steels
show insignificant variations, i.e., 7 and 17 nm, respectively.
With the decrease in tempering temperature and time, the
sizes of the subgrains and M,;C; carbides decrease signific-
antly. To be explicit, they are 650 and 90 nm, 450 and 60 nm,

and 370 and 40 nm, after tempering processing at 760°C/90
min, 760°C/30 min, and 730°C/30 min, respectively. The
corresponding densities of the M,;C, carbides are 2.85 x 10",
4.30 x 10", and 1.10 x 10 m™, respectively. Compared with
those in the conventional CLAM steels, the sizes of grains
and densities of M,;Cy and MX carbides decrease, whereas
the sizes of subgrains and densities of M»;Cy and MX in-
crease in 0.10wt% Ti CLAM steels after tempering at
760°C/90 min. With decreasing tempering temperature and
time, the sizes of subgrains and M,;C carbides continuously
decrease and the densities of M;C, carbides increases. The
above-mentioned strengthening mechanism (Section 2) in-
dicates that Ti addition promotes MX precipitate strengthen-
ing but restrains the strengthening from subgrain boundaries,
grain boundaries, and M,;C; precipitates.

Table 1. Microstructure information of 0.10wt% Ti CLAM steel fabricated via different tempering processes compared with their

counterparts without Ti addition

o . MG MX
Steel Grain size/nm  Subgrain / nm - - - =
Size / nm Density / m Size/nm  Density / m
0.1 Ti CLAM (760°C/90 min) 7 650 90 2.85 % 10" 17 8.20 x 10**
0.1 Ti CLAM (760°C/30 min) 7 450 60 430 x 10" 17 8.20 x 10**
0.1 Ti CLAM (730°C/30 min) 7 370 40 1.10 x 10% 17 8.20 x 10**
CLAM [114] 20 320 125 6.05 x 10" 30 3.20 x 10**

The microstructural change related to Ti addition and tem-
pering is due to the fact that Ti effectively promotes the nuc-
leation of MX carbides, whereas the dispersed fine MX
particles refine grains by hindering grain growth at the solid
solution stage in martensitic steels. In consideration that the
melting point of My;Cs is remarkably lower than that of MX
carbides, the formation of M,;C, carbides is inhibited. The
small M,;C, carbides induce the increment of martensite lath
size by hindering the growth of martensite lath during tem-
pering. The tempering processes are 760°C/90 min,
760°C/30 min, and 730°C/30 min, respectively, and those
temperatures are close to the precipitation temperature of
My;Cy carbides. Therefore, the size of M,;Cq carbides de-
creases significantly with decreasing tempering temperature
and time. The different tempering processes show insignific-
ant effect on MX carbides because the precipitation temper-
ature of the carbides is high. In addition, the austenitizing
temperature of 805°C [117] is above the tempering temperat-
ure. Hence, the size of the primary austenitic grains remains
constant despite the slightly decreasing subgrain size with re-
duced temperature and time for tempering.

Fig. 11 shows the engineering stress—strain plots of
0.10wt% Ti CLAM steels with different tempering processes
at 600°C compared with the standard CLAM steel [117]. The
tensile strength (o7rs) and yield strength (o) of the 0.10wt%
Ti CLAM steel treated by 760°C/90 min tempering are 285
and 260 MPa, respectively, and the maximum elongation is

47%. With the decrease in tempering temperature and time,
o1s and o, increase while elongation decreases, which are re-
spectively 340 MPa, 325 MPa, and 33% at 760°C/30 min and
370 MPa, 345 MPa, and 29% at 730°C/30 min. For the con-
ventional CLAM steel, the o5, 0y, and elongation are 305
MPa, 325 MPa, and 27%, respectively. Except for the
0.10wt% Ti CLAM steel tempered at 760°C/90 min, the o s,
o, and elongation of the 0.10wt% Ti CLAM steel are higher
than those of the conventional CLAM steel. Fig. 12 shows
the creep curves of the 0.10wt% Ti CLAM steels fabricated

400
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< 730°C/30 min
& 300
= ——CLAM steel [117]
o 200
g
g
g
&0 100
m
0 L L L L L L L L L
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Engineering strain / %
Fig. 11. Engineering stress—strain plots for the 0.10wt% Ti
CLAM steels via different tempering processing at 600°C. The
stress—strain curve for the steel without Ti addition is also
shown for comparison.
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by different tempering processes. Creep experiments were
conducted at 600°C/170 MPa. At this condition, the creep life
and elongation of the 0.10wt% Ti CLAM steels tempered at
760°C for 90 min are 20 h and 50%, respectively. The creep
life of the 0.10wt% Ti CLAM steel increases and its creep
elongation decreases with decreasing tempering temperature
and time, reaching 145 h and 30% at 760°C/30 min and 190 h
and 25% at 730°C/30 min. The creep life and ductility are
significantly higher than 120 h and 20% for the conventional
CLAM steel, respectively [118]. Obviously, adding Ti and
adjusting the tempering process increases the high-temperat-
ure creep life of the CLAM steel successfully without sacrifi-
cing the ductility. The processing of the Ti CLAM steel is
simple compared with that of the traditional CLAM steel,
which is beneficial to commercial production.

—u—760°C/90 min

0 = —e—760°C/30 min
730°C/30 min
40| T —v—CLAM steel [118]
| |
|
n
[
n
n

0 20 40 60 80 100 120 140 160 180 200
Time / h
Fig.12. Creep curves for the 0.10wt% Ti CLAM steels fab-
ricated by different tempering processes at 600°C/170 MPa.
The creep curve for the steel without Ti addition is also shown
for comparison.

4. Summary

The main strengthening mechanisms of RAFM steels
have been reviewed in detail. The high-temperature mechan-
ical properties of RAFM steels can be significantly improved
by optimizing the strengthening mechanisms. Compared
with the creep life of the traditional RAFM steel, that of the
9Cr ODS steel is ~1000 times higher under 650°C/130 MPa,
that of the SPD 9Cr2WVTa steel is ~30 times higher under
550°C/270 MPa, that of the TMT 9Cr—1W-0.06Ta steel is
~20 times higher under 550°C/260 MPa, and that of the
tempered 0.10wt% Ti CLAM steel is ~1.5 times higher un-
der 600°C/170 MPa. However, the preparation processes of
the ODS steel and cold deformation and thermal deforma-
tion-strengthened RAFM steel are relatively complex, which
limits their commercial production. Although the tempering
process is simple, the increment of mechanical properties is
lower compared with those of other processes. Some prob-
lems remain to be solved for the development of new RAFM

Int. J. Miner. Metall. Mater., Vol. 28, No. 3, Mar. 2021

steels. For example, whether or not the welding performance
of the steel changes or not with the change in microstructure
is still unclear. For the irradiation resistance of the RAFM
steel, although the nano-sized precipitates effectively im-
prove the irradiation resistance, the data of the microstruc-
ture and mechanical properties of the new steel under irradi-
ation are still scarce. Except for the M,;Cy carbide coarsen-
ing, the most important factors affecting the high-temperat-
ure stability of steels include grain boundary sliding and sub-
grain coarsening. Therefore, improving the grain boundary
and subgrain boundary strengthening at high temperatures is
important to develop high-performance RAFM steels.
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