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a b s t r a c t

Y-containing CLAM steels were melted via vacuum induction melting and electroslag remelting. In this
study, the evolution, microstructure, and mechanical properties of the alloy inclusions (ESR-1 (0 wt.% Y),
ESR-2 (0.016 wt.% Y) and ESR-3 (0.042 wt.% Y)) were investigated. Further, the number of inclusions in
ESRed steel was observed to obviously decrease, and the distributions were more uniform. The fine YeAl
eO inclusions (1e2 mm) were the main inclusions in ESR-2. The addition of Y affected the prior
austenite grain size (PAGZ), increasing the tensile strength at test temperature. Low ductileebrittle
transition temperature (DBTT) was obtained because of the fine PAGZ and dispersive inclusions. For
the ESRed CLAM steel with 0.016 wt.% Y, the yield strengths were 621 MPa at 20 �C and 354 MPa at
600 �C in air. Further, the uniform elongation and elongation of the ESR-2 alloy were 5.5% and 20.1% at
20 �C, respectively. Meanwhile, the DBTT tested using full-size Charpy impact specimen
(55 cm � 10 cm � 10 cm) was reduced to �83 �C.
© 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

The development of structural materials is the major factor that
restricts the development of reactors because of the extreme
operation conditions of the future fusion reactors [1]. Thus far, the
reduced activated ferritic/martensitic (RAFM) steels, including
EUROFER97 (Europe) [3], F82H (Japan) [4], 9Cre2WVTa (U.S.A) [5],
EK-181 (Russia) [6,7], and CLAM (China) [8], are the leading struc-
tural material candidates because of their superior mechanical
properties and swelling irradiation resistance [2]. Because of the
low activation requirement, only limited elements can be added.
Thus far, rare earths (RE) have been extensively used in steels
exhibiting strong desulfurizing and deoxidizing abilities [9,10]. As
an important RE element, yttrium (Y), which is a low activation
alloying element, was reported to refine the austenite grains with
the Zener pinning of Y-rich inclusions [11]. Further, the Y-rich in-
clusions can stimulate nucleation during recrystallization and
refine grains [11]. In addition, Y and Y2O3 were extensively used to
by Elsevier Korea LLC. This is an
produce the so-called oxide dispersion-strengthened (ODS) alloys
via mechanical alloying [12].

Zhu reported that Y (0.25 wt.%) could improve the ductility of
CLAM steel and degrade its tensile strengths because of the coarse
ferrite grains (with a volume fraction of 25%) [13]. The effects of
0.2 wt.% Y on the strength of CLAM have been investigated by Li
[14]. The strength of CLAM was reported to decrease before irra-
diation, whereas the irradiation-resistant property improved
because of the precipitation of big Y2Fe17C0.75 inclusions [14]. Yan
[15] (0.15 wt.% Y), Zhang [16] (0.25 wt.% and 0.56 wt.% Y), and the
author [17] (0.071 wt.% Y) reported that Y was easy to aggregate
into blocky Y-rich inclusions, whichwould destroy the continuity of
the matrix to reduce the strength of the RAFM steels. Kim [18],
Sawahata [19], Tanigawa [20], Liu [21], Xia [22], and Sakasegawa
[23] reported that the inclusion, microstructure, and mechanical
property of the RAFM steels were significantly affected by the
electroslag remelting (ESR) process. Herein, the CLAM steels with
different Y contents were initially melted by vacuum induction
melting and subsequently remelted via electroslag remelting to
eliminate the block Y-rich inclusions. Subsequently, the effects of
the ESR process and Y contents on the inclusion, microstructure,
and properties of the steels were investigated to develop a new Y-
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containing CLAM steel for developing future fusion reactors.

2. Experimental

2.1. Material

The steels were initially melted in a 25-kg vacuum induction
melting furnace and were subsequently casted into an ingot. Pure
Fe, W (99.95% pure by weight), Cr (99.98% pure by weight), and Ta
(99.91% pure by weight) were placed into the crucible before
turning on the power. When the pressure in the furnace was
decreased to lower than 10 Pa, argonwas introduced; subsequently,
the pressure was increased to approximately 0.05 MPa. The molten
material was maintained at a temperature of 1570 �C for 30 min.
Subsequently, graphite carbon, pure Si (99.9% pure by weight), Mn
(99.99% pure byweight), V (99.92% pure byweight), Ti (99.99% pure
by weight), and Y (99.9% pure by weight) were sequentially added
at 2-min intervals. After 5 min, all the alloys had melted and the
molten steel was cast under argon protection at 1520 �C. Further,
the ingot was cut into two samples. One was named as VIM-X
(X ¼ 1, 2, and 3), whereas the other was remelted via ESR and
named as ESR-X (X ¼ 1, 2, and 3). The refining slag system used for
ESR was 55 wt.% CaF2e20 wt.% Al2O3e20 wt.% CaOe3 wt.% MgOe2
wt.% Y2O3. The chemical compositions of the alloys are presented in
Table 1. The total oxygen contents in the ESRed steels were 52, 19,
15 ppm, and the nitrogen contents in the alloyswere approximately
65 ppm. The addition of Y, as a deoxidizer, could reduce the burning
loss of elements. The contents of Si and Ta elements in the ESR
alloys increased with an increase in the addition of Y. The ESR-X
steels were forged into blanks of 35 � 50 mm at temperatures of
950 �Ce1150 �C; subsequently, they were rolled into 12-mm thick
plates with a starting temperature of 1150 �C and a final temper-
ature of 950 �C. The phase transformation points in case of argon
were measured using Formastor-FII dilatometer from room tem-
perature (RT) to 1000 �C at a heating rate of 0.25 �C/s. These plates
were austenitized at 1050 �C for 30 min and subsequently
tempered at 750 �C for 90 min. All the plates were cooled by air.

2.2. Inclusion and microstructure observations

A Zeiss Ultra Plus field emission scanning electron microscope
(SEM) was employed to observe and count the inclusions in the
ingots for investigating the inclusions in the VIM-X and ESR-X al-
loys. The inclusion components were verified using the Oxford
energy dispersive spectrometer (EDS). The number of inclusions
per unit area NA and the diameter dA(i) of each inclusion in the ESR
alloys were measured using more than 15 SEM pictures at a
magnification of 1000 � . More detailed explanation has been
provided elsewhere [17,24]. Fullman et al. derived a formula for
obtaining the two- and three-dimensional particle diameters [25].
Further, the density (NV), spatial diameter (dV(i)), mean three-
dimensional particle diameter (dV), and volume fraction of the
spherical particles (fV) can be obtained based on the Fullman's
formula. More detailed explanation has been provided elsewhere
Table 1
Chemical compositions of VIM and VIMeESR in wt.%.

Steel. C Si Mn Cr W V Ta

VIM1 0.10 0.09 0.45 9.3 1.74 0.20 0.1
VIM2 0.11 0.11 0.46 9.2 1.75 0.20 0.1
VIM3 0.10 0.10 0.43 9.2 1.73 0.21 0.1
ESR1 0.08 0.06 0.42 8.9 1.53 0.19 0.0
ESR2 0.09 0.084 0.44 9.0 1.55 0.19 0.0
ESR3 0.09 0.090 0.45 9.1 1.50 0.19 0.0
[24]. The average spacing of the inclusions dT could be denoted as
dT ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Aobs=n
p

[26]. The samples were polished and etched using a
1% picral solution (1 g picric acidþ 5ml HClþ 100ml ethyl alcohol)
to observe microstructures. The transmission electron microscope
(TEM) specimens were initially electropolished using a solution of
5 vol% perchloric acid in acetic acid at 25 �C and were subsequently
polished by ion milling. The ion milling parameters included an ion
beamvoltage of 4.5e6 kV, an inclination of 5�e7�, a beam current of
1.8e2 mA, and a time period of 30e40 min. Further, the fine in-
clusions in steel were observed using a FEI G20 TEM.

2.3. Tensile and charpy impact tests

Round-bar tensile specimens with diameters of 5.0 mm and
lengths of 25 mm were tested at room temperature. A dog-bone-
shaped and subsidized flat specimen with a nominal gauge sec-
tion of 6.0 mm � 2.0 mm � 30 mmwas used for verifying the high-
temperature mechanical property tests at 300 �C, 500 �C, 550 �C,
600 �C, and 650 �C. The crosshead speed was 2 mm/min. A proof
strength of 0.2% was tested as the yield strength. The AG-X250kN
electronic universal material testing machine was used for con-
ducting the tensile tests. All the samples were tested in air. Full-size
V-notched Charpy specimens (10 mm � 10 mm � 55 mm) were
tested at 25 �C, 0 �C, �20 �C, �40 �C, �60 �C, �80 �C, �100 �C,
and �120 �C using the MTS-ZBC2452-B pendulum impact tester to
obtain the Charpy impact transition curves. All the samples were
spark-machined from the tempering plates along the rolling di-
rection. Furthermore, all the tests were performed thrice, and the
results were averaged. The relations of inclusions and fracture

toughness, i.e., KIC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2EssdT

�q
and KIC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Essðp=6Þ

1
3dV

q
� fV

�1
6,

respectively, were used to study the impact toughness because of
the correlation between the impact toughness and fracture tough-
ness [26]. Here, E denotes the Young's modulus, ss denotes the yield

strength, and dT denotes the average distance of the inclusions.

3. Results and discussion

3.1. Inclusion statistics

Fig. 1 depicts the distributions and components of inclusions in
the VIM steels analyzed using backscattered electrons (BSEs) and
EDS. Large atomic elements, including Ta and Y, exhibit different
contrasts under BSE, bright white. The unit of the EDS results is
mass percent (wt.%) in this study.

As shown in Fig. 1 (a)e(c), some inclusions could be observed in
the VIM alloys. More details of the inclusions are presented in Fig. 1
(d)e(f). The Ta-rich oxides, such as TaeMneFeeOeSeC and
FeeTaeMneCreSeO, are the major inclusions in VIM-1, observed
in other VIMed RAFM steels [18e20]. When Y was added into the
steel, some chain inclusions could be observed in the ESR-1 and
ESR-2 alloys. The EDS results indicated that the chain phases were
inclusions with Y. The inclusions in the VIM-2 alloy were mainly
TaeYeFeeOeCr and YeCreFe, and the main inclusions in the VIM-
S P N O Y Fe

18 0.008 0.009 0.0011 0.0042 - Bal.
15 0.003 0.008 0.0010 0.0009 0.131 Bal.
19 0.003 0.009 0.0007 0.0005 0.234 Bal.
62 0.005 0.008 0.0064 0.0052 - Bal.
92 0.003 0.009 0.0067 0.0019 0.016 Bal.
99 0.003 0.007 0.0065 0.0015 0.042 Bal.



Fig. 1. Inclusion analysis results and typical inclusion in the VIM alloys: (a and d) VIM-1; (b and e) VIM-2; and (c and f) VIM-3.
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3 alloy were YeCreFe. To further analyze the composition of the
inclusions in the VIM-3 alloy, map scanning was employed. The
results (Fig. 2) showed blocky Y-rich inclusions, observed in other
Y-containing RAFM steels [15e17]. These blocky inclusions would
destroy the continuity of the matrix and degrade the mechanical
properties of steel [15e17]. Therefore, it is necessary to remove
them.

The BSE and EDS results of the distributions and components of
inclusions in the ESRed steels are presented in Fig. 3.

The results indicated that the large single-particle and chain
inclusions in the VIM alloys could be efficiently removed using the
ESR process. Meanwhile, the distributions of inclusions were
considerably diffused. However, some bright white inclusions could
be observed in the ESR-3 alloy. The typical inclusions in the ESR
alloys were shown in Fig. 3(d)e(f). The inclusions in the ESR-1 steel
were mainly FeeAleOeCreMneS, observed in other RAFM steels
remelted by ESR. The YeFeeOeCreAl inclusion was the main in-
clusion in the ESR-2 alloy, which widely served as a strengthening
phase to produce ODS alloys by mechanical alloying [27]. In addi-
tion, some YeFeeOeCr inclusions were found in the ESR-2 alloy.
The details of white inclusion in the ESR-3 alloy were shown in
Fig. 3(f). As shown in Fig. 3(f), the inclusions could be clearly
divided into two parts (white and black). The EDS results showed
Fig. 2. Blocky Y-rich inclusions in the VIM-3 steel.
that the white part was the FeeYeCr inclusion, whereas the black
part was the FeeYeOeCreAl inclusion, indicating that some Y-rich
inclusion in the VIM-3 alloy would remain in the ESR-3 alloy.

Based on the method presented in Section 2.2, the statistical
results of inclusions in the ESRed alloys have been presented in
Table 2. The inclusions were smaller in alloys with Y (1.11 and
1.09 mm) than those in ESR-1 without Y (1.84 mm). More inclusions
were found in the ESR-3 alloys with 0.042 wt.% Y. Although the
number of inclusions in ESR-2 was more than that in ESR-1, the
density (fV) of inclusionwas smaller in case of the ESR-2 alloy due to
the finer size. The average spacings of inclusions (dT) were contrary
to the number of inclusions (NV) and were 57.6, 48.5, and 23.8 mm
for ESR-1, ESR-2, and ESR-3, respectively.

Some inclusions of smaller than 1 mm were observed in alloys
using TEM. The typical inclusions are presented in Fig. 4. Fig. 4(a)
illustrates the ellipsoidal inclusion in the ESR-1 alloy, whose size
was approximately 300 nm. The EDS result shows the ellipsoidal
inclusion was TaeFeeCreO (Fig. 4(d)), which was observed in the
VIM-1 alloy. The diffraction pattern indicated that the precipitate
was Ta2O5 oxide (Fig. 4(g)). Inclusions of smaller than 200 nmwere
found in the ESR-2 alloy, and the components were similar to the
micron-sized inclusions in the alloy (Fig. 4(b)). Currently, the
metallurgical functions of these submicron inclusions have drawn
(a) BSE; (b) Fe; (c) Cr; (d) Y; (e) W; and (f) Ta.



Fig. 3. Non-metallic inclusion analysis results and typical inclusion in the ESR alloys: (a and d) ESR-1; (b and e) ESR-2; and (c and f) ESR-3.

Table 2
Statistics of inclusions in the ESR ingots.

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

ESR-1 1.84 1.64 0.054 57.6
ESR-2 1.11 3.81 0.028 48.5
ESR-3 1.09 16.0 0.111 23.8
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the attention of several scholars [25,28,29]. The EDS result showed
that the inclusion in ESR-2 alloy was FeeYeCreO (Fig. 4(e)), and the
diffraction pattern indicated that the precipitate was Y2O3 oxide
(Fig. 4(h)). These inclusions would play a good role in precipitation
strengthening. The submicron inclusions in the ESR-3 alloy were
much larger than those in the ESR-2 alloy, as shown in Fig. 4(c). The
Fig. 4. TEM images and compositions of inclusions in the ESR allo
size of the FeeCreYeAleO inclusion was approximately 500 nm
(Fig. 4(f)). The diffraction pattern indicated that the precipitate was
YAlO3 oxide (Fig. 4(i)). The TEM results showed that it was difficult
to remove these fine inclusions during the ESR process.
3.2. Microstructures

The optical micrographs of the steels are presented in Fig. 5.
Typical full martensitic structures were observed in three alloys,
and d-ferrite was not present. The prior austenite grain sizes (PAGS)
were significantly affected by the addition of Y. The average PAGS
measured using the linear intercept method are 14.4 (d ¼ 1.9), 8.8
(d¼ 1.1), and 8.3 mm (d¼ 1.3) for the ESR-1, ESR-2, and ESR-3 alloys,
respectively. The PAGS shows a decreasing trend upon the addition
ys: (a, d, and g) ESR-1; (b, e, and h) ESR-2; (c, f, and i) ESR-3.



Fig. 5. OM micrographs of the normalized CLAM steels of (a) VIMeESR-1, (b) VIMeESR-2, and (c) VIMeESR-3.
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of Y. The dilatometer test results show that the AC3 temperature
increased with an increase in Y content. The AC3 critical point of the
ESR alloys were 845 �C, 877 �C, and 880 �C. When the samples were
normalized at similar temperatures, the small PAGS belonged to the
alloy with high AC3 temperatures. Meanwhile, the inclusion of Y
could impede the migration of grain boundaries, refining the grains
[11,17].

3.3. Tensile properties

Fig. 6 shows the tensile properties of the ESR steels tested from
room temperature (20 �C) to 650 �C. The data of Eurofer 97
(9.0Cre1.1We0.4Mne0.2Ve0.11Ce0.1Ta) [30], JLF-1 (9.0Cre2W
e0.45Mne0.19Ve0.1Ce0.07Ta) [31], CLAM (9.0Cre1.5We0.45Mn
e0.2Ve0.15Tae0.1C) [31] and 0.22Si-CLAM (9.0Cre1.5We0.45Mn
e0.22Sie0.2Ve0.15Tae0.1C) [32] are plotted for comparison
purposes.
Fig. 6. Tensile properties of the ESR-1, ESR-2, and ESR-3 steels:
Li [33] and Huang [31] et al. reported that a fine grain size of
approximately 8 mm (PAGS) was considered to be one of reasons for
the improved performance of the mechanical properties of CLAM
steel, which is smaller than those of Eurofer 97 [33] (16.5 mm), JLF-1
[31] (12.5 mm), 0.22SieCLAM [32] (20 mm). As shown in Fig. 6, a
high tensile and yield strength could be obtained at all the tested
temperatures when the RAFM steels were remelted using the ESR
process. Although the PAGS of ESR-1 (14.4 mm) was larger than that
of CLAM, fine inclusions with uniform distribution would be
considered as the main possible reason, previously reported by
Sawahata [19] and Liu [21]. In addition, the fine PAGS of ESR-2 and
inclusions with uniform distribution would be responsible for the
highest strength. In case of the other RAFM steels, an inflection
point could be observed with an increase in temperature. It was
500 �C, which would be caused by the healing of the delamination
cracks [17,34].

Some researchers have remelted RAFM steels via the ESR
(a) tensile strength; (b) yield strength; and (c) elongation.



Table 3
Tensile properties of the steels fabricated via VIMeESR.

Steel UTS/MPa YS/MPa Elongation/% Uniform elongation/%

RT 600 �C RT 600 �C RT 600 �C RT 600 �C

ESR-1 718 ± 6 348 ± 2 583 ± 5 326 ± 5 21.4 ± 0.7 25.7 ± 0.6 6.0 ± 0.1 4.0 ± 0.06
ESR-2 746 ± 4 375 ± 2 621 ± 5 354 ± 4 20.1 ± 0.5 24.2 ± 0.5 5.5 ± 0.05 3.3 ± 0.08
ESR-3 721 ± 5 370 ± 1 580 ± 4 341 ± 5 23.5 ± 0.5 25.9 ± 0.8 5.8 ± 0.05 3.5 ± 0.05
HEAT 0603B [23] 720 350 580 325 19.5 23.5 - -
CS350 [22] 650 - 550 - - - - -
F82H-BA07 [21] 675 - 560 - - - - -
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process [18e23]. The tensile properties of the steels are presented
in Table 3.

The performance of ESR-1 was better than those of CS350
(8.5Cre1.5We0.50Mne0.25Ve0.11Ce0.10Ta) [22] as well as
F82HeBA07 (8.0Cre1.88We0.45Mne0.19Ve0.16Sie0.09Ce0.04Ta)
[23] and similar to that of HEAT 0603B
(9.09Cre1.39We0.38Mne0.185Ve0.155Ce0.046Ta) [21] because
ESR-1 and HEAT 0603B were all ESRed CLAM steels. The differences
in the ultimate tensile strength (UTS) and yield strength (YS) for
ESR-1 and ESR-2 were 28 and 38 MPa, respectively, at RT. Mean-
while, the differences between the UTS and YS values for ESR-1 and
ESR-2 were 27 and 28 MPa at 600 �C, respectively. As the Y content
increased, the strength exhibited a downward trend. The
strengthening of grain refining could be responsible for the in-
crease in the tensile strength and YS of steel when Y was added.
Based on the HallePetch relation [35], the strengthening of grain
refining could be expressed as sd ¼ Kyd�1=2 , where Ky is the
material-related constant and d is the PAGS. Therefore, the finer the
grain size, the higherwill be the strength of the alloys. However, the
difference between the PAGS values of ESR-2 (9.1 mm) and ESR-3
(8.9 mm) could be ignored. The remained block Y-rich inclusions
in the ESR-3 alloy can be considered to be the main reason for the
decreasing strength.

Fig. 7 shows the fracture morphology of the ESR alloys. The
Fig. 7. The micro-view of the fracture surfaces of the ES
surfaces of all the specimens presented in this study exhibit sig-
nificant ductile dimpling fractures. Some inclusions were found in
the dimple holes, and spiral bands caused by the shear stress could
be observed around the inclusions. When Ywas added, the dimples
are obviously dense, fine, and evenly distributed, which would be
related to the fine PAGS of the ESR-2 and ESR-3 alloys. Meanwhile,
the size and distribution of the inclusions considerably influenced
the dimple size. The size of inclusions in dimples was considerably
important for the mechanical properties of the alloys. Large in-
clusions can be considered to be the source of the crack. Some in-
clusions of sizes of larger than 2 mm were observed in the ESR-1
alloy. The inclusions in the dimple holes of the ESR-2 and ESR-3
alloys were mostly smaller than 1 mm. More details of the in-
clusions in the dimple are shown at the upper right-hand side of
Fig. 7(a), (b), and (c). The surfaces of the inclusions in the ESR-2 and
ESR-3 alloys were much smoother than that in ESR-1 alloy. The EDS
results showed that the inclusion in the ESR-1 alloy was Al2O3, the
inclusions in the ESR-2 alloy contained elemental Fe, Cr, Al, Y, and O,
and the inclusion in the ESR-3 alloy contained Fe, Cr, Y, and less O.
Because the electron beam spot was large for smaller inclusions,
the matrix materials considerably affected the results. Fe and Cr
elements could remove from the EDS results. The inclusion in ESR-2
was YeAleO, which was extensively used as the strengthening
phase in the ODS alloy [27]. Based on Section 3.1, some block Y-rich
R-1 (a), ESR-2 (b), and ESR-3 (c) steel tested at RT.
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inclusions were observed in the ESR-3 ingot. Oxygen element was
not contained in the inclusion in ESR-3; thus, it would be block Y-
rich inclusion that would harm the mechanical property.

3.4. Charpy impact test

The impact properties of the ESR steels are presented in Fig. 8.
The ductileebrittle transition temperature (DBTT) in this study is
the temperature corresponding to half of the upper-shelf energy
and lower-shelf energy. The DBTTs of the ESR-1, ESR-2, and ESR-3
alloys were �63 �C, �83 �C, and �76 �C, respectively. The data of
Eurofer 97 [30], VIM-0602A(CLAM) [21], 0.22SieCLAM [32], ESR-
F82H [19], and ESR-0603B (CLAM) [21] were plotted for compari-
son. The DBTTs are presented at the upper left-hand side of Fig. 8.
The DBTTs of Eurofer 97 [30], VIM-0602A(CLAM) [21],
0.22SieCLAM [32], ESR-F82H [19], and ESR-0603B (CLAM) [21]
were �60 �C, �55 �C, �45 �C, �38 �C, and �70 �C, respectively. The
low DBTT can be attributed to the differences in the PAGS of
0.22SieCLAM (20 mm) and VIM-0602A (10.5 mm) [32]. The ESR-
0603B (CLAM) decreased to �70 �C due to the differences in
PAGS and non-metallic inclusion [21]. The DBTT of ESR-1 was
similar to that of ESR-0603B (�63 �C). A better toughness was ob-
tained when Y was added. The relation between the grain size and
DBTT has been expressed by the HallePitch equation [33], bTk ¼
ln B� ln C� lnd�1=2, where b, B, and C are the constants, d is the
PAGS, and Tk is the DBTT. The DBTT decreases with decreasing PAGS.
Therefore, grain refinement is an effective methodology to simul-
taneously improve the strength and DBTT of the alloys. Based on
the results of the tensile tests, the Young's moduli of ESR-1, ESR-2
and ESR-3 alloy are 269, 320, and 330 MPa. According to the for-
mula in Section 2.3 and the dates in Tables 2 and 3, KIC could be
calculated as 0.42, 0.44, and 0.36MPam1/2 for the ESR-1, ERS-2, and
ESR-3 alloys, respectively. The inclusions are an important reason
for the decrease in the DBTT of ERS-3 alloy with small PAGS.

4. Conclusion

Y-containing CLAM steel was prepared via VIM and ESR as a
structural material for fusion reactors. The following conclusions
were obtained.

(1). The electroslag remelting process could effectively
remove the large inclusions and improve the distribution of
the inclusions. However, new inclusions were generated in
steels. The main inclusions in ESR-1alloy were
Fig. 8. Impact energy of the steels at test temperatures.
FeeCreAleMneOeS. Fine FeeCreYeAleO inclusions were
found in the ESR-2 alloy, whereas some FeeCreY inclusions
were observed in the ESR-3 alloy.

(2). The PAGS was significantly affected by the addition of Y, and
no d-ferrite were observed. The PAGS reduced from 14.4 to
8.8 mm.

(3). The UST (YS) was increased from 718 ± 6 (583 ± 5) to 746 ± 4
(621 ± 5) MPa with the addition of Y at test temperature due
to the fine PAGS and precipitation of FeeCreYeAleO. The
remaining Y-rich inclusions are responsible for the reduction
of UST and YS when the Y content was increased from 0.016
to 0.042 wt %.

(4). An improved toughness was obtained due to the fine PAGS
and uniform distribution of inclusions. The DBTTof the ESR-2
alloy was observed to be �83 �C.
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