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a b s t r a c t

The effects of Y and Ti on the microstructure stability and tensile properties of the reduced activation
ferritic/martensitic steel have been investigated. The addition of Y and Ti affected the prior austenite
grain size due to the pinning of the inclusions. Ti addition of 0.008 wt% to the steel was intended to
promote the precipitation of nano-sized carbides with a high resistance to coarsening. 8Ti14Y exhibited a
higher yield strength and a lower DBTT than the other alloys due to the fine grain size and additional
precipitation hardening by (Ti, Ta)-rich MX. After thermal exposure at 550 �C for 1500 h, yield strength
was dropped significantly in exposed 0Ti13Y. On the contrary, a lower reduction of YS was observed in
8Ti14Y. The M23C6 in 0Ti13Y and 8Ti14Y and MX in 25Ti14Y and 39Ti15Y coarsened seriously during
ageing, which could be responsible for the reduction of the tensile properties of alloys.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Due to their better thermo-physical, thermomechanical and
swelling resistance properties, the reduced activation ferritic/
martensitic (RAFM) steels have been considered as a strong
candidate structural material for the fusion reactor [1e3]. The
RAFM steels have been developed from modified 9CrMoVNb type
ferritic/martensitic steels [4]. In order to obtain low activation
capability, the high activation elements Nb, Mo, Ni were replaced
by lowactivation elementsW,Mn and Ta. In the past 40 years, some
RAFM steels have been developed such as F82H and JLF-1 of Japan
[5], EUROFER97 of Europe [6], 9Cr-2WVTa of USA [7] and CLAM of
China [8], etc.

So far rare-earth elements (RE) have been widely used in steels
[9,10]. The main function of RE in steel industry up to date has been
orientated towards their ability to control the inclusions shape and
keep them spherical through the hot deformation processes [10].
Furthermore, it has been stated that RE-particles are able to slow

down the austenite grain growth at high temperature by Zener
pinning [11,12]. Y.F. Li et al. [13] had reported that the grain and
martensitic lath structure could been refined with the addition of
0.2% yttrium (Y), which could improve the properties of the RAFM
steel. Z. Shi and F. Sh. Han [14] had added 0.4% Y2O3 into the steel to
improve the tensile strength of the RAFM steel. The complicated
Y2O3 particle with carbides could play a role as obstacles to dislo-
cation gliding which could be responsible for the improvement of
mechanical property. In the high chromium ferritic/martensitic
steels (9e12% Cr) including RAFM steel, the fine MX precipitated
along the lath interface were the main strengthening phases due to
their smaller grain size, lower coarsening rate and higher stability
thanM23C6 and Laves phases [15]. Ch. H. Lee et al. [16] had reported
that RAFM steel containing Ti instead of Ta tempered at 650 �C has
nano-sized (Ti, W) C particles and fine M23C6 carbides, leading to a
superior balance of impact toughness and strength. H. K. Kim et al.
[17] had also reported that a higher yield strength (DYS ¼ 32 MPa)
at 600 �C had been obtained with the additions of Ti and Ta dues to
the additional precipitation hardening by (Ti, Ta)-rich MX. Q. Lin
et al. [18] had reported that the interaction between RE and Nb, V,
Ti, C, N could increase the amount of the second phase and refine* Corresponding author.
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the precipitated particles. However, few studies have been focused
on the combined effects of Y and Ti on the mechanism of
strengthening and toughening. In addition, the Y(Y2O3) and Ti can
be used to make so-called oxide dispersion strengthened (ODS)
steels by powder metallurgy technology, which had been widely
studied in the world [19]. In this paper, four alloys with different Y
and Ti were prepared via vacuum casting. The effects of Y and Ti
addition on the microstructure stability and tensile properties of
the RAFM steels were studied in this paper.

2. Materials and experiments

2.1. Materials

In this study, four types of alloys were designed with varying
yttrium (Y) and titanium (Ti) contents based on the CLAM alloy. The
alloy was melted in a 25 kg vacuum induction furnace with
magnesia crucibles. The ingot was first forged into 50mm� 35mm
billets and then rolled into a 12 mm thick plate at temperatures
between 1100 �C and 950 �C. The nitrogen contents in the steels
were approximately 29 ppm, and the total oxygen contents in steels
were 24,17,12 and 10 ppm, respectively. Based on their individual Y
and Ti contents, the alloys were designated as 0Ti13Y (Fe-0.11C-
9.2Cr-1.51W-0.22V-0.15Ta-0.44Mn-0.05Si-0.013Y (inwt.%)), 8Ti14Y
(Fe-0.11C-9.3Cr-1.51W-0.21V-0.15Ta-0.45Mn-0.06Si-0.008Ti-
0.014Y (in wt.%)), 25Ti14Y (Fe-0.10C-9.2Cr-1.50W-0.22V-0.15Ta-
0.44Mn-0.05Si-0.025Ti-0.014Y (in wt.%)) and 39Ti15Y (Fe-0.11C-
9.2Cr-1.51W-0.22V-0.15Ta-0.45Mn-0.06Si-0.039Ti- 0.015Y (in
wt.%)). The hot-rolled plates were normalized at 1050 �C for 0.5 h
with air-cooled and then tempered at 650 �C for 1.5 h with air-
cooled. In order to investigate the thermal stability of the alloys,
the tempered plates were exposure at 550 �C (the upper limit
temperature of the CLAM steel) for 1500 h under air atmosphere in
a tube furnace.

2.2. Inclusion statistics

In order to achieve better contrast between the inclusions and
matrix, the samples cut from the ingots were normalized at 1050 �C
for 0.5 h with water-cooled. Then the normalized samples were
mechanically polished. A scanning electron microscope (SEM) with
an Energy Dispersive X-Ray Spectrometer (EDS) was employed to
observe inclusions in the steels. An image analysis software (Image
pro-Plus6.0) was used to count the number (n), average equivalent
diameter (dA(i)), number of inclusions in per area (NA) and average
area fraction (fA) of the inclusions on at least 15 SEMmicrographs at
the magnification of 2000. The dimension of the inclusion was
calculated by equivalent diameter analysis [20], which was given by

the following equation: dAðiÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4=p,SAðiÞ

q
. Where SA(i) is the area

of the inclusion.NA could be calculated byNA¼ n/Aobs, where Aobs is
the total observation area. The spatial diameter (dV(i)), mean spatial

diameter (dV), number of particles per unit volume (NV) and the
volume fraction of spherical particles (fV) can be respectively given
by the following equation [20], which was first derived by Fullman:

dVðiÞ ¼ p=2,dAðiÞ; dV ¼ p=2,n=
Pn

i¼1ð1=dAðiÞÞ; NV ¼ NA=dV; fV ¼
ðp=6Þ,dV

3
,NV. The average spacing of inclusions, dT could be

determined by the following equations [21]: dT ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aobs=n

p
.

2.3. Microstructural analyses

Specimens for optical microscopy (OM), SEM and mechanical
property tests were spark machined from the heat-treated and
aging treated plates respectively, which were parallel to the rolling

direction. SEM and transmission electron microscopy (TEM) ob-
servations were made with a Zeiss Ultra Plus operated at 30 kV and
a FEI Tecnai G20 electron microscope operated at 200 kV. The
samples for average grain size estimation were etched using a 1%
picral solution (5 ml HCl＋1 g picric acid＋100 ml ethyl alcohol).
Thin foil specimens for TEMmechanically polished to 40e50 mm in
thickness and prepared as a 4 3 mm discs. Then the discs electro-
chemically polished in a twin-jet polishing apparatus using a so-
lution of 5% perchloric acid and 95% acetic acid at room
temperature.

2.4. Mechanical properties tests

Tensile test was conducted at room temperature (RT) with a
gauge section of 45 mm� 25 mm in the air at a cross head speed of
2 mm/min. Tensile tests at high temperature (300 �C, 500 �C,
550 �C, 600 �C and 650 �C) were performed on dog bone shaped
and subsized flat specimens with a nominal gauge section of
6.0 � 2.0 � 30 mm3. The sample was taken along the rolling di-
rection. The 0.2% proof strength was measured as yield strength.
The Charpy impact absorbed energies were obtained with a stan-
dard size specimen (10 mm � 10 mm � 55 mm, V-notch) using the
Charpy impact machine in a temperature range between �130 �C
and room temperature. The hardness of each sample was measured
using 8e10 points with a 100 kgf load and 10s dwell, from which
the average value of hardness was used.

3. Results and discussion

3.1. Inclusions in the steels

Fig. 1 shows the non-metallic inclusions in the four alloys
analyzed by SEM and EDS. Based on the method mentioned in
Section 2.2, the statistical results of micron-sized inclusions in the
steels were shown in Table 1. With the addition of 0.08 wt%Ti, the
mean spatial diameters of inclusions decreased from 1.39 mm to
1.24 mm. On the other hand, the density of inclusions increased
from 3.29 � 1014/m3 to 3.94 � 1014/m3. This phenomenon was also
found in ODS steels with Y and Ti. S. Ukai [22] has reported the
addition of Ti in Y2O3-ODS ferritic steels could refine the Y-inclu-
sion. As shown in Table 1, the average spacing of the inclusions
showed a downward trend, and it decreased from 46.8 mm to
38.2 mm. The inclusions in 0Ti13Y alloy were mainly spherical Y2O3

and MnS, some Y-Ti-O and MnS inclusions were found in 8Ti14Y
alloy. The types of inclusions in 25Ti14Y and 39Ti15Y steel were
similar. They were Y-Ti-O, Y-O MnS and lager square TiN.

3.2. Initial microstructures

The structures of the four steels were typical martensitic and
almost no delta-ferrite is observed in these alloys. The average prior
austenite grain sizes of the four steels are 9.65 mm, 9.31 mm,
10.23 mm and 10.59 mm respectively, measured by linear intercept
method, which are much smaller than the grain size of CLAM
(20e30 mm) [23]. The grain-growth-inhibiting effect by second-
phase particles has been studied by a number of investigators on
theoretical grounds and on the basis of experimental studies [24].
These inclusions could play a role in pinning the austenite grain
boundaries based on the Zener pinning force. Gladman [25] had
studied the pinning effect of the second phase particles on

austenite grain and it could be expressed as: DC ¼ pdV
6fV

�
3
2� 2

Z

�
.

Where DC is the grain diameter, dV is the second phase particle
diameter, fV is the volume fraction, Z is the inhomogeneity factor. It
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can be seen that the larger the fV is, the smaller the DC is, and the

smaller the dV is, the smaller the DC is. Based on the data provide by

Table 1, the grain size of steel can be represented as 1577:3A
�
3
2�

2
Z

�
, 1659:3A

�
3
2� 2

Z

�
, 963:8A

�
3
2 � 2

Z

�
and 824:4A

�
3
2� 2

Z

�
, where A is

a constant, 10�8. These inclusions could play a role of pinning grain
boundaries.

Typical TEM micrographs of the initial microstructures and
precipitates in the tempered steels are shown in Fig. 2a ~ Fig. 2d.
The samples show a lath structure decorated by some precipitates,
where most precipitates (black dots) are mainly distributed along
martensite lath boundaries or prior austenite grain boundaries.
Detailed TEM analysis showed that the coarse interlath carbides are
Cr-rich M23C6, while the fine inter-and intralath precipitates are
MX. And there were more precipitates in the 8Ti14Y alloy (Fig. 2b)
than the 0Ti13Yalloy (Fig. 2a). However, a large number of carbides
are precipitated along the original austenite grain boundary in the
25Ti14Y and 39Ti15Y alloys (Fig. 2c and d), which could cause the
weakening of grain boundaries [26,27]. EDSmicroanalysis indicates
that these precipitates were carbides with Cr or Ti. As a thought,
excessive Ti results in a large number of carbides along the grain
boundary.

More details of the MX precipitates in the alloys are shown in
Fig.2e and Fig.2h. The fine MX precipitate in 8Ti14Y alloy (Fig. 2f)
are enriched with Ti and Ta, while Ta-rich MX in the 0Ti13Y alloy
(Fig. 2e). H. K. Kim et al. [17] had calculated the driving forces for
precipitate of MX carbides from martensite in the RAFM steel with
Ta and RAFM steel with Ti and Ta. They have reported the driving

ba

c d

Y-O MnS

Y-Ti-O

Y-Ti-O Y-Ti-O

TiN

TiN

Y-O

Fig. 1. Non-metallic inclusion analysis results of the four alloy.

Table 1
Statistics of inclusions in the steel ingots.

Sample dV /mm NV/1014/m3 fV/% dT /mm

0Ti13Y 1.39 3.29 0.046 46.8
8Ti14Y 1.24 3.94 0.039 45.3
25Ti14Y 1.54 4.38 0.084 38.5
39Ti15Y 1.77 3.87 0.113 38.2

500 nm 500 nm

(Ta,Ti)-rich MX

M23C6

M23C6

Ta-rich MX

(a) (b)

300 nm 300 nm

(c) (d)

Prior austenite grain boundaries

Prior austenite grain boundaries

carbides

carbides

(e)

100 nm

(h)(g)

(f)

100 nm

100 nm 100 nm

Element Weight% Atomic%

Ti 14.08 30.20

Cr 2.15 4.24

Fe 14.20 26.11

Ta 65.75 37.32

W 3.82 2.13

Element Weight% Atomic%

Cr 9.08 9.87

Fe 88.28 89.31

Ta 1.88 0.59

W 0.75 0.23

Element Weight% Atomic%

Ti 2.80 3.86

Cr 8.55 10.85

Fe 64.80 76.62

Ta 17.80 6.49

W 6.05 2.17

Element Weight% Atomic%

Ti 14.44 30.06

Cr 1.84 3.52

Fe 16.41 29.32

Ta 65.64 36.19

W 1.67 0.91

Fig. 2. TEM micrographs showing the initial microstructures and precipitates in the
alloys: (a and e) 0Ti13Y-, (b and f) 8Ti14Y, (c and g) 25Ti14Y and (d and h) 39Ti15Y.
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force for MX with Ta formation is approximately 1.5 times higher
than that of MX with Ta and Ti precipitation at the same temper-
ature condition. It is not difficult to expect that Ta-rich MX is more
stable than Ti-Ta-richMX. As shown in Fig. 2e and fig2f, 8Ti14Yalloy
(~20 nm) have relatively large MX precipitates compared to 0Ti13Y
alloy (~10 nm). Some finer (~5 nm) MX precipitates (indicated by
the dotted lines) could be observed in the two alloys, which could
be beneficial to the improvement of high temperature strength of
the alloys. However, the Ti-Ta-rich MX in the 25Ti14Yalloy (Fig. 2g)
and 39Ti15Y alloy (Fig. 2h) were much bigger than that in 8Ti14Y
alloy (Fig. 2f). Larger MX precipitates (100e150 nm) were found in
the tow alloys. EDS results shows that MX precipitates in the
25Ti14Y alloy and 39Ti15Y alloy contain more Ti than the 08Ti14Y
alloy. The MX precipitates in 25Ti14Yalloy and 39Ti15Yalloy have a
similar composition with a Ti/Ta atomic-ratio of 1/1, while Ti/Ta
atomic-ratio in MX in 8Ti14Yalloy is about 1/2. It is believed that Ti
element tend to accelerate the growth of MX precipitates, leading
to the coarsening of carbides during tempering. The higher the
content of Ti is, the bigger the MX precipitates is.

3.3. Initial tensile properties

Tensile properties of the alloys with different Y and Ti contents
at different test temperatures is shown in Fig. 3. The tensile prop-
erties of these samples significantly depended on their Ti and Y
content. As shown in Fig. 3a, the tensile strength raises from
838.6 MPa to 855.1 MPa, then reduce to 761.7 MPa and 718.7 when
the Ti content is increased to 0.008 wt%, and then to 0.025 wt% and
0.039 wt%. Meanwhile, the 0.2% offset yield strength (YS) raised
from 739.7 MPa to 751.1 MPa, when 0.008 wt% Ti was added

(Fig. 3b). The minimum elongation belongs to 8Ti14Y alloy (21.5%),
and the maximum is 39Ti15Y alloy 23.9% (Fig. 3c). When the test
temperature is increased, the differences in yield strengths and
ultimate tensile strengths between 0Ti13Yand 8Ti14Y (25Ti14Yand
39Ti15Y) were greatly reduced and can be neglected at tempera-
tures above 500 �C, which is shown in Fig. 3a and b. When the
temperature increased, the elongation of these steels first reduced
and then rose. As reported in other RAFM steels [5e8], the inflec-
tion point was 500 �C (Fig. 3c). The decrease in total elongation at
high temperature for RAFM steel is due to healing of the delami-
nation cracks [28e30]. On the other hand, it also causes to decrease
the strength as delamination reduces the stress state ahead of the
crack tip from tri-axial stress state to plane strain dominated stress
state and delayed the fracture [28e30]. Although the performance
of 39Ti15Y alloy was the worst among the test samples, it could
match that of Ti-RAFM-T650 [16] and Ti-Ta-RAFM-T700 [17]. The
performance of the 8Ti14Y alloy is significantly better than the
abovementioned steels.

3.4. Charpy impact test

Fig. 4a shows the Charpy impact toughness of the test steels at
various temperatures. Compared with the 0Ti13Y alloy, the 8Ti14Y
alloy has higher impact toughness between 20 �C and �130 �C, and
the DBTT temperature reduced from �53.4 �C to �62.4 �C. How-
ever, when the Ti content was increased to 0.025 wt% and 0.039 wt
%, it was found that the impact toughness was remarkably lowered
and the DBTT temperatures reduced to �55.0 �C and �48.9 �C.
Although the performance of 39Ti15Y alloy was the worst among
the test samples, the DBTT temperatures of all alloys were below
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Fig. 3. Tensile properties of the 0Ti13Y (black), 8Ti14Y (red), 25Ti14Y (blue) and 39Ti15Y (pink) steels as functions of temperature: (a) tensile strength, (b) yield strength, and (c)
elongation. The data of Ti-RAFM-T650 [16] and Ti-Ta-RAFM-T700 [17] are plotted for comparison.
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that of EUROFER97-T650 [16]. It could be safely concluded that the
impact toughness of the RAFM steels are significantly dependent on
their Ti and Y content. The additions of Ti could refine the prior
austenite grain size and affect the inclusions in the steels, which
would then improve the toughness of the 8Ti-14Y alloy and reduce
the DBTT. The impact toughness of materials is affected by two
processes, crack formation and crack propagation [31]. In the tests,
the chemical compositions of the steels were approximately the
same except Ti. So, it could be considered that the crack formation
stages of the test alloys were similar. Cracks propagate preferen-
tially at inclusions, inclusion/matrix interface and grain boundary,
and are more likely to occur at larger irregular inclusions [32]. As
shown in Section 3.1, the inclusions in 0Ti13Y alloy were mainly
spherical Y2O3, and the inclusions in 8Ti14Y alloy were mainly
spherical Y2O3 and Y-Ti-O inclusions. These fine inclusions
distributed uniformly on the matrix. As the rare earth inclusions
were not easy to deform during impact deformation, the small
spherical inclusions with Y could slow down the stress concen-
trations at the crack tip when the crack extends to the inclusions.
The crack propagations were buffered, thus enhancing the tough-
ness of the alloys. The inclusions in the 25Ti14Y and 39Ti15Y alloy
were mainly Y-Ti-O inclusions and some large TiN inclusions were
found in the alloys. These hard and brittle inclusions (TiN) will not
only cause crack propagation, but also cause crack formation [33].
They were easy to fracture with the stress concentrations around
the inclusions, and finally became a crack to reduce the toughness
of steel. As the influences of inclusions on fracture toughness and
impact toughness were similar [21], we could use the relationships
of inclusions and fracture toughness to study impact toughness.
The influences of inclusions on fracture toughness (KIC) can be

expressed as: KIC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2EssdT

p
and KIC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Essðp=6Þ

1
3dV

q
� fV

�1
6.

Where E is young’s modulus, ss is yield strength. dT is the average
distance of inclusions, which is inversely proportional to fV of the
particles in the steels. According to the results of tensile tests, the
young’s modulus of each alloy is 268, 320, 278 and 259 MPa. Based
on the above formula and date in Table 1 and Fig. 3, KIC of each alloy
could be expressed as: 1.11,1.19,1.01 and 0.96Mpa$m1/2. The largest
value belongs to 8Ti14Y alloy. The average distance of inclusions
and the fV of the particles in 8Ti14Yalloy were optimal, so the DBTT
of the alloy was the lowest.

3.5. Microstructural during thermal aging

Table 2 shows the average grain sizes and vickers hardness of
differently time-aged samples. Compared with the tempered
samples, the average grain size of the samples increased by about
1.19e2.52 mm after aging for 1500 h, and the most stable was
8Ti14Y alloy (9.31 mm/10.5 mm). The driving force of the grain

boundaries migration is surface energy [34]. Therefore, the grain
coarsening is a spontaneous process during exposure at 550 �C for
long time. The hardness drops of the steels aged for 550 �C/1500 h
was found. There is a significate hardness drop with 0Ti13Y alloy,
i.e. 12.6% (266.7 / 233.1 HV) whilst only 8.5% (278 / 254.2 HV)
hardness drop was observed in the 8Ti14Y steel.

The typical TEM micrographs of the RAFM steels aged at 550 �C
for 1500 h are presented in Fig. 5. The martensitic lath boundary
could be observed clearly in the aged steels. Moreover, the most
obvious evolution of the martensitic structure of the sample was
the lath coarsening for aging for 1500 h at 550 �C. The block width
increased by 4.5% (0.43/ 0.45 mm) in the 0Ti13Yalloy while 89.5%
increase (0.19 / 0.36 mm) in the 8Ti14Y alloy, 54.5% increase
(0.22 / 0.34 mm) in 25Ti14Y alloy and 52.4% increase
(0.21 / 0.32 mm) in 39Ti15Y alloy were observed. Meanwhile, the
precipitates at grain boundaries and inside grains were increased
after aging. After aging for 1, 500 h, the M23C6 carbides in the aged
0Ti13Y alloy and 8Ti14Y alloy became larger than those of the as-
received samples and the number of fine MX carbides signifi-
cantly increased (Fig. 5a and b). The M23C6 carbides in the aged
25Ti14Y alloy and 39Ti15Y alloy were not seriously coarsened due
to the precipitation of large MX which led to a decrease of carbon
concentration in the supersaturated martensitic matrix (Fig. 5c and
d). Although the aging time is as high as 1500 h, there was no
obvious evidence for the presence of Laves phase is observed in
these RAFM steels. More details of theMX precipitates in the ageing
alloys are shown in Fig. 5e ~ Fig. 5h. After aging for 1500 h, the
number of fine MX carbides increased in Ti13Y and 8Ti14Y alloy. An
Energy Dispersive Spectrometer (EDS) was employed to analyze
the chemical compositions of the MX carbides. The fine MX pre-
cipitate (~15 nm) in 0Ti13Y alloy (Fig. 5e) are enriched with Ta,
while Ti-Ta-rich MX (~20 nm) in the 8Ti14Y alloy (Fig. 5f). Ti/Ta
atomic-ratio of MX in 8Ti14Y alloy (~1/2) was broadly unchanged
during aging, which could indicate that they were stable. Finer
(~5 nm) MX precipitates (indicated by the dotted lines) could still
be observed in the two alloys. The Ti-Ta-rich carbides particles in
25Ti14Yand 39Ti15Yare obviously coarsening during aging (Fig. 5g
and h). More serious coarsening belonged to 39Ti15Y alloy with
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Table 2
The average grain size and hardness of the alloys.

Samples Average grain size (mm) Vickers hardness (HV)

Before aging After aging Before aging After aging

0Ti13Y 9.65 11.21 266.7 233.1
8Ti14Y 9.31 10.5 278 254.2
25Ti14Y 10.23 12.71 258.3 229.3
39Ti15Y 10.59 12.75 252.2 225.7
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more Ti, someMXwhose size was more than 200 nmwas observed
in the alloy (Fig. 5h). The coarsening follows the Ostwald ripening
mechanism: smaller particles dwindle and larger particles grow.
There are little fine precipitates around the large precipitates. The
Ti/Ta atomic-ratio of the larger MX remain about 1. Once again, it is
believed that Ti addition tend to accelerate the growth of MX
precipitates, more Ti could lead to the coarsening of carbides during
aging.

3.6. Mechanical degradation during thermal aging

Fig. 6a shows the comparison of tensile properties of the as-
received steels and the aged steels. There was a significantly YS
drop for the aged 0Ti13Y alloy (666.4/ 546.5 MPa, 18.0% YS drop).
On the contrary, a lower YS drop was observed in 8Ti14Y alloy
(749.5 / 652.5 MPa, 12.9% YS drop). Therefore, these results

indicate that the degradation of RAFM steel with Y is faster than
that of RAFM steel with Y and Ti, which is related to the poor
microstructure stability caused by the coarsening of laths and
M23C6 carbide coarsening. Fig.6b and Fig.6c show the tensile
properties of aged steels with increasing temperature
(550 �C/700 �C). As can be seen in Fig. 6b, YS of all the steels
decreased with the increase of the test temperature. In the present
study, 8Ti14Y alloy exhibited a higher YS than the other alloys at all
the temperatures. Compared with the other investigated RAFM
steel, finer microstructure (prior austenite grain and lath width)
and more (Ti, Ta)-rich MX particles would respond to the higher YS
of the 8Ti14Y alloy. The YS difference (△YS¼YS-YSaged) became
smaller with temperature (Fig. 6c); △YS was the largest at low
temperature, and was the smallest at 700 �C. △YS of 0Ti13Y alloy
and 8Ti14Y alloy showed the same change trend, and that of
25Ti14Y alloy and 39Ti15Y alloy was similar. The coarsened M23C6

500 nm 500 nm

M23C6

(Ta,Ti)-rich MX

M23C6Ta-rich MX

(a) (b)

500 nm

(d)(c)

500 nm

(Ta,Ti)-rich MX(Ta,Ti)-rich MX

(e)

100 nm

(h)(g)

(f)

100 nm

Element Weight% Atomic%

Ti 16.92 39.70

Cr 0.87 1.88

Fe 5.30 10.66

Ta 70.71 45.28

W 6.20 2.48

Element Weight% Atomic%

Ti 6.79 10.43

Cr 6.85 9.69

Fe 49.18 64.79

Ta 33.11 13.46

W 4.07 1.63

200 nm 200 nm

Element Weight% Atomic%

Ti 6.21 11.55

V 0.60 1.05

Cr 3.91 6.69

Fe 33.36 53.20

Ta 53.49 26.33

W 2.43 1.18

Element Weight% Atomic%

Cr 9.38 11.03

Fe 77.01 84.38

Ta 9.93 3.36

W 3.69 1.23

Fig. 5. TEMmicrographs showing the microstructures and MX in the alloys exposed at 550 �C for 1500 h: (a and e) 0Ti13Y-, (b and f) 8Ti14Y, (c and g) 25Ti14Y and (d and h) 39Ti15Y.
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was the main reason for the decrease of the YS at the low tem-
peratures. After aging for 1500 h, the MX carbide increased obvi-
ously. At higher temperatures, dislocation movement can be
pinned by the second phase particle (MX), resulting in precipitation
strengthening. The M23C6 in 0Ti13Y alloy and 8Ti14Y alloy and MX
in 25Ti14Y alloy and 39Ti15Y alloy coarsened seriously during
ageing, which induced the different change trend with △YS.

The upper shelf energy and DBTT temperatures of the aged al-
loys are presented in Fig. 4b. After 1500 h aging, the upper shelf
energy of the samples decreases and the impact absorption energy
at RT decreases by 30e45 J, which is the same as the aged CLAM
steel [34]. However, the DBTT temperatures of the aged alloys
changed slightly and they increased by about 5 �C. Impact tough-
ness of the steel could be influenced by many factors, including
precipitates and grain size. The M23C6 carbides were obviously
coarsening during ageing, which could act as a crack initiation site
to reduce the charpy impact properties of the alloys. After ageing,
and the grain size of the alloys increased by about 14%e20%
(Table 2), which reduced the grain boundary area per unit volume
in the alloys and could retard or deviate the propagation of cleavage
cracks [34]. As a result, it eventually leads to a lower toughness.

4. Conclusions

Microstructure stability and tensile properties of RAFM steels
with Y and Ti have been investigated in this study. The main results
can be drawn as follows:

(1). The inclusions with Y/Y-Ti could play a role in pinning the
austenite grain boundaries. When 0.008% Ti was added, the
average austenite grain sizes of the alloy decreases from
9.65 mm to 9.31 mm.

(2). Excessive Ti results in a large number of carbides along the
grain boundary, which could cause the weakening of grain
boundaries and reduce the tensile properties of alloy. The
growth of MX precipitates could be accelerated by Ti
element, leading to the coarsening of carbides during
tempering. The higher the content of Ti in MX carbide is, the
bigger the MX precipitates is.

(3) After thermal exposure at 550 �C/1500 h, significant coars-
ening of blocks was observed in the 8Ti14Y alloy. The blocks
width increased by 89.5% (0.19 / 0.36 mm) in the aged
8Ti14Y alloy while the aged 0Ti13Y alloy showed only 4.5%
increase (0.43 / 0.45 mm). However, the grain sizes of
8Ti14Y alloy was more stable after thermal exposure
(9.31 / 10.5 mm).

(4). There is a significant YS drop in the aged 0Ti13Y alloy
(666.4/ 546.5 MPa,18.0% YS drop). On the contrary, a lower
YS drop was observed in 8Ti14Y alloy (749.5 / 652.5 MPa,
12.9% YS drop). It indicates that the degradation of RAFM
steel with Y is faster than that of RAFM steel with Y and Ti.

(5). After aging for 1500 h, the M23C6 in 0Ti13Y alloy and 8Ti14Y
alloy and MX in 25Ti14Y alloy and 39Ti15Y alloy coarsened
seriously during ageing, which induced the different change
trend with △YS. Impact toughness of the ageing alloys
reduced significantly reduction, which was caused by the
coarsening of grains and carbides.
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