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Effect of Y/Zr Ratio on Inclusions and Mechanical
Properties of 9Cr-RAFM Steel Fabricated by Vacuum
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This study investigates the inclusions, microstructures, tensile properties, and impact toughness of reduced-
activation ferritic/martensitic (RAFM) steels with different Y/Zr ratio contents. An optical microscope and
a scanning electron microscope (SEM) were employed to determine the size and number of inclusions, and
SEM and transmission electron microscope were employed to examine the inclusion types. The increase in
Y/Zr ratio influenced the prior austenite grain size owing to the pinning effect of the inclusions. The result
of this examination showed that the mechanical properties of the steel are closely related to the refinement
of prior austenite grain size and as well as the fine submicron-sized inclusions. The average prior austenite
grain sizes of the alloys were 14.5, 13.5, and 13.4 pm for the steels with different Y/Zr ratio contents (i.e., 1/
2, 5/3, and 11/2, respectively). Moreover, the submicron-sized inclusions in the alloys achieved densities of
4.71 x 10", 4.49 x 10'®, and 3.84 x 10'®/m>. The ductile-to-brittle transition temperature (DBTT) de-
creases when the Y/Zr ratio increases to 5/3. However, the DBTT increases when the Y/Zr ratio reaches 11/2
owing to inclusion coarsening. The RAFM steel with Y content of approximately 0.005 wt.% and Zr
content of 0.002 wt.% was verified to exhibit an optimized combination of microstructures, tensile prop-

erties, and impact toughness.

Keywords reduced-activation ferritic/martensitic steel, Y/Zr ratio,
inclusion, tensile strength, ductile-to-brittle transition
temperature

1. Introduction

Reduced-activation ferritic/martensitic (RAFM) steels are
the primary candidates for first wall and blanket structures of
D-T fusion reactors owing to their good swelling resistance and
thermophysical and thermomechanical properties (Ref 1-3).
The popular solid solution and precipitation strengthening
elements (i.e., niobium (Nb) and molybdenum (Mo)) are
replaced with tantalum (Ta) and tungsten (W) to ensure low
activation of the RAFM steel (Ref 4). To further improve the
mechanical properties of RAFM steels, many studies were
conducted by scientists worldwide. Their research mainly
focused on two aspects: optimizing the previously obtained
alloy content and adding new alloying elements. The former
aspect mainly aims to optimize the content of W and Ta (Ref 5,
6). The chemical composition optimization has been exten-
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sively investigated to ensure the excellent properties of RAFM
steels based on research programs of the European Union, the
USA, Japan, China, and India (Ref 7). In China, the RAFM
steel is called CLAM (Fe-9.0Cr-1.5W-0.2V-0.15Ta-0.45Mn-
0.058i-0.1C) (Ref 8). Moreover, several low-activation ele-
ments [e.g., Si (Ref 9), Ti (Ref 10, 11), Zr (Ref 12), and Y (Ref
13, 14)] were added. The effect of Si in the range of 0.05—
0.77 wt.% on microstructures, tensile properties, and impact
toughness of CLAM steels was investigated by Sh. H. Chen
and L. J. Rong, and the optimized content of Si is 0.22% (Ref
9). In Italyy, BATMAN series containing approximately
0.1 wt.% of Ti and 50-60 ppm of B instead of Ta had been
investigated by ENEA (Ref 11). The ENEA reported the
mechanical properties similar to the existing RAFM steels with
Ta. Korea developed an advanced reduced-activation alloy
(ARAA) with Zr in 0.01 wt.% used as the structural material
for test blanket module applications with helium-cooled
ceramic reflector (Ref 12). Y. Li and Q. Y. Huang et al.
reported that the addition of 0.2% yttrium reduces the strength
of CLAM steels prior to irradiation, but the irradiation-resistant
property of the steel improves (Ref 13). According to the
studies on oxide dispersion-strengthened (ODS)-RAFM steels
(Ref 15, 16), oxide particles (e.g., Y-Ti-O, Y-Zr-O, and Y-Al-O)
have been introduced to RAFM steels to improve the mechan-
ical properties and radiation resistance of the alloys. Recently,
the effectiveness of introducing micro-sized Y,Oj5 particles to
the RAFM steels through vacuum casting has been reported
(Ref 17). Zhan (Ref 18) et al. prepared a 9Cr-Ti-Y-ODS steel
through a direct alloying process in a vacuum induction
furnace. According to the first principle of the calculation
result, the binding energy of Y-Zr-O clusters was higher than
that of Y-Al-O and Y-Ti-O clusters in the Fe matrix. This result
indicated that the Y-Zr-O phase was easier to form and more
stable than the Y-Al-O and Y-Ti-O phase because higher
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stability of these clusters may enhance the nucleation rate, and
the size of these clusters also decreased with the addition of Zr
(Ref 19-22). To clarify the mechanism of oxide particle
formation and to evaluate the effects of Y/Zr ratios on the
inclusions and mechanical properties of 9Cr-RAFM steel in this
research, three types of 9Cr-RAFM steel with different Y/Zr
ratios were fabricated through vacuum casting.

2. Materials and Experiments

2.1 Materials

The investigated RAFM steels with various Y/Zr ratios
were fabricated in a 25-kg vacuum inside a magnesia crucible.
Pure iron, chromium (99.98 wt.% pure by weight), tungsten
(99.95 wt.% pure by weight), and tantalum (99.91 wt.% pure
by weight) were placed into the crucible in advance. These
raw materials were melted with the protection of argon
(0.04 MPa), and then the molten material was maintained at
1823 K and 20 Pa for 60 min to ensure the homogeneity of
the alloy. Subsequently, Si (99.9 wt.% pure by weight), Mn
(99.99 wt.% pure by weight), V (99.92 wt.% pure by weight),
Zr (99.99 wt.% pure by weight), and Y (99.9 wt.% pure by
weight) were sequentially added at 2-min intervals. The
molten alloy was cast in argon protection at 1793 K. The
chemical compositions of the steels are listed in Table 1.
Based on their individual Y and Zr contents, the alloys were
labeled as 1Y2Zr (1#), 5Y3Zr (2#), and 11Y2Zr (3#). With
the increase in Y-mass fraction, the total oxygen in the steels
decreased from 34 to 17 ppm, and nitrogen contents were
approximately 32 ppm. The yields of Zr were very similar
(approximately 95%). However, a remarkable difference was
observed in the yields of Y. Hence, the yield increased with
increasing amounts of Y. The amounts of Y added were 10,
30, and 50%.

2.2 Inclusion Statistics

First, the head and bottom of the ingots were removed to
obtain dense and clean raw materials. Second, the samples were
cut from the ingots, and their cross sections were polished. The
planar size distribution of particles in the polished cross section
of each sample was observed to count the inclusions by using
an optical microscope (OM) at a magnification of 500 and the
JSM-7800F scanning electron microscope (SEM) at a magni-
fication of 1500. The OM was used to observe the inclusions
with the size (da(;) of more than 0.5 pum, whereas the SEM was
utilized to observe the inclusions with the size (da(;) of less
than 0.5 um. The diameter of each particle section, da(;, was
estimated similar to the diameter of a circle with the same area
of the sectioned inclusion particle (Ref 23).

Table 1 Chemical compositions of the steels (%)

4
dyi) = Vo Sais

where Sy, is the cross-sectional area of each particle, measured
using a semi-automatic image analyzer.

The mean spatial diameter of spherical particles (dy) can be
expressed in the following equation, which was first derived by
Fullman (Ref 23).

(Eq 1)

T - T n
dv=75-dan =5 5
2 (1/da)

(Eq 2)

where EZA(H) is the harmonic mean diameter of the particle
sections and n is the number of particles obtained for an
observed area (Arops)-

The number of particles per unit volume was evaluated on
the basis of the following relationship (Ref 23).

My =

dy
where N, is the number of particle sections per unit area and is
defined as 7/ Atobs-

The volume fraction of spherical particles, fy, is expressed as
(Ref 23)

fv = (77.'/6) . a%, . Nv.

The FEI Tecnai G20 transmission electron microscope
(TEM) was employed to observe the inclusions with sizes less
than 0.5 pm. During the TEM sample preparation, mechanical
polishing was followed by twin-jet polishing with a solution of
7 vol.% perchloric acid in ethanol.

2.3 High-Temperature Confocal Scanning Laser Microscope

To evaluate the effect of inclusions on the austenitization,
the VL2000DX-SVF17SP confocal scanning laser microscope
(CSLM) was employed to capture high-quality images during
the experiment under the inert gas atmosphere (argon, 6 N).
The specimens had a gauge section of 5.0 mm in diameter and
4.0 mm in length. The difference in temperature between the
top surface of the specimen and the bottom of the crucible was
less than 5 K. The samples (¢S5 mm x 4 mm) were heated to
1323 K, and this temperature was maintained for 10 min to
observe the growth of austenite. They were captured in two
frames per second during controlled heating at 5 K/s. When the
samples were air-cooled to room temperature (RT), they were
observed through the SEM.

2.4 Mechanical Properties

The plates were normalized at 1323 K for 30 min and then
tempered at 1023 K for 90 min, followed by air cooling. The

Steel C Si Mn Cr w \% Ta S P N (0] Zr Y Fe
1Y2Zr 0.10 0.05 0.46 9.1 1.49 0.22 0.15 0.002 0.0071 0.0032 0.0034 0.002 0.001 Bal.
5Y3Zr 0.11 0.05 0.45 9.2 1.50 0.22 0.14 0.002 0.0070 0.0034 0.0027 0.003 0.005 Bal.
11Y2Zr 0.10 0.06 0.44 9.1 1.49 0.22 0.15 0.003 0.0072 0.0031 0.0017 0.002 0.011 Bal.
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steel microstructures were analyzed through the OM and SEM.
A mixed solution of hydrochloric acid and ferric chloride was
used to corrode the specimens for OM and SEM. The
specimens for tensile and Charpy impact tests were spark-
machined from heat-treated plates, transverse to the rolling
direction. The tensile specimens had a gauge section of 5.0 mm
in diameter and 25 mm in length, and tensile tests were
performed with a strain rate of 2 mm/min. The tensile
specimens were performed at RT, 573, 773, 823, 873, and
923 K. The standard V-notch Charpy specimens sized
10 mm x 10 mm x 55 mm were subjected to an impact test
at temperatures between 143 and 298 K.

3. Results and Discussion

3.1 Inclusions in the Steel Ingots

The size distribution of micron-sized inclusions in the steel
ingots is shown in Fig. 1. Most inclusions were smaller than
3 um, and the proportion in every sample was more than 97%.
The proportion of inclusions with sizes larger than 5 pm was
less than 1%. With the increase in the Y/Zr ratio from 1/2 to 5/
3, the percentage of inclusions with the sizes 0.5-1 pm
gradually increased, whereas that of inclusions with other sizes
showed a downward trend. When the Y/Zr ratio reached 11/2,
only a slight decrease in percentage of inclusions sized 0.5—
1 pm was observed. Noticeably, the inclusions in 5Y3Zr and
11Y2Zr alloys were smaller than that in 1Y2Zr alloy. Table 2
presents the statistical results of the mean spatial diameters
(dv), the volume fraction of spherical particles (f), and density

1Y2Zrx
SY3Zr
S 11Y2Zr

Proportion
(=]
w

L LLLLL LAY

D

N
0 é%\ NN rrrr S
0.5pm<d<1pmlpm<d<2pm 2pm<d<3pm 3pm<d<5pm Spm<d
Inclusion size

Fig. 1 Size distribution of inclusions with sizes more than 0.5 pm

Table 2 Statistics of inclusions in the steel ingots

(Ny) of inclusions in the ingots. With the increase in the Y/Zr
ratio, the mean spatial diameters of inclusions decreased from
1.79 to 1.30 um and then increased to 1.32 pm. Meanwhile, the
density of inclusions with sizes larger than 0.5 pm increased
from 1.51 x 10'*/m® to 2.58 x 10'%m>. The change of £,
presented the same rule as that of dy( = 0.5 um), partially
decreasing and then increasing. Regarding the density of
inclusions with sizes of less than 0.5 pm, 1Y2Zr alloy has
excellent performance, which is 4.71 x 10'%/m3. 11Y2Zr alloy
(3#) has the smallest value, that is, 3.81 x 10'%/m>. The
inclusions in the 9Cr steel with different Y/Zr ratios melted
through vacuum casting were mainly micro-sized and sub-
micrometer-sized. They were much smaller than the inclusions
with Y/Y-Ti as reported by Shi and Han (Ref 17) and Wu et al.
(Ref 24). The density of submicron-sized inclusions reached the
reported density for the 9Cr-ODS steel prepared by Sun et al.
through chemical reduction and mechanical milling (Ref 25).

When Zr and Y are added to molten steel, they combine with
the oxygen and sulfur in the steel to form inclusions such as
Zr0;, Y703, YS, and Y,0,S. Additionally, several carbides,
such as ZrC and YC,, can be generated. Based on the data
obtained from Yong (Ref 26), the standard free energies of the
formation of ZrO,, ZrC, Y,0;, YS, Y,0,S, and YC, at 1873 K
are —347.2, —193.3, -559.3, —151.3, -516.6, and
—28.3 kJ/mol, respectively. Therefore, carbides (ZrC and
YC,) are not easy to generate in molten steels. The microscale
morphologies and compositions of the inclusions in the ingots
are shown in Fig. 2. No pure ZrO, inclusions were found in the
alloys. All Zr-containing inclusions contain Y. This phe-
nomenon indicates that when Zr and Y are added to the alloys
to deoxidize together, generating inclusions containing Y-Zr-O
becomes easy. This finding is in accordance with the results of
the first principle. Inclusions in 1Y2Zr alloy with small Y/Zr
ratios were mainly Y-Zr-Mn-O-S covered by Zr-Mn-S
(Fig. 2a). When the Y/Zr ratio increases, the MnS inclusion
in the alloys disappears. The inclusions were mainly Y-Zr-O-S
(Fig. 2b) in 5Y3Zr alloy. In the 11Y2Zr alloy with the high Y/
Zr ratio, pure Y-O-S inclusions (Fig. 2d) without Zr were
found. The inclusions with Zr were mainly Y-Zr-O-S covered
by Y-O-S (Fig. 2c). Hence, the higher the Y/Zr ratio, the higher
the mass fraction of Y in the inclusions.

The TEM images of typical inclusions in 5Y3Zr and
11Y2Zr alloys with sizes smaller than 0.5 pm are shown in
Fig. 3. Figure 3(a) illustrates the ellipsoidal inclusion. The
components are similar to the micron-sized inclusions in 5Y3Zr
alloy. Figure 3(b) is a compound inclusion containing Y and Zr.
The inclusion shape in 11Y2Zr alloy is relatively regular.
Similar to the morphology observed in the SEM, a submicron-
sized spherical inclusion with Y is shown in Fig. 3(c).
Moreover, the EDS (Fig. 3d) shows that Zr is not a component
of this inclusion, which has the size of approximately 0.4 um
(Fig. 3d). These small size inclusions are difficult to remove

dA(i) = 0.5 nm dA(i)<0-5 nm
Nos. dy, pm Ny, 10"/m’? dy, pm Ny, 10'%/m’® fo %
1Y2Zr 1.79 1.51 0.04573 0.164 471 0.0110
5Y3Zr 1.30 2.58 0.02991 0.163 4.49 0.0102
11Y2Zr 1.32 251 0.03018 0.173 3.84 0.0105
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wt. %
Ir 547
Mn 46.97
S 41.57
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Cr 1.74
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W 0.26
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Fig. 3 TEM images and compositions of inclusions with sizes less than 0.5 um
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Fig. 4 CSLM results of (a and d) 1Y2Zr, (b and e) 5Y3Zr, and (c and f) 11Y2Zr alloy at 1323 K: initial moment (a-c) and 10 min (d-f)

during the melting process, and their metallurgical functions are
gradually being valued by several researchers (Ref 27-29).
These functions may play a good role in precipitation
strengthening using carbides.

3.2 Effect of Particles on the Austenite Grain Size

The growth process of the austenite at 1323 K is shown in
Fig. 4. Figure 4(a) and (d) illustrates a noticeable growth trend
(ie., 132 um — 17.6 pm) of 1Y2Zr alloy. However, the
trends in 5Y3Zr alloy (9.1 pm — 9.4 pm) and 11Y2Zr alloy
(93 pm — 9.5 um) were not evident. A large number of
inclusions (black spots in Fig. 4) can be observed at the grain
boundary of the steels. To control the austenite grain size,
solidification structure refinement has been previously studied
by using various deoxidation products in steels, such as TiN,
TiOx, MgO, ZrO,, and Ce,0O3 (Ref 28-30). The reason of the
fine austenite grain is that the small micron-sized oxide
inclusions can not only provide nucleation sites for acicular
ferrite, but they also play a role in pinning the austenite grain
boundaries based on the Zener pinning force. The mean
austenite grain size, Dy, is plotted against the Zener pinning
force, Zp, which is expressed as follows: (Ref 30)

Zp = 3aVfy/dy,

where G is the grain boundary energy (6 x 10~ J/mm?®) and ¥
is the molar volume of Fe (7 x 10° mm® /mol).

Based on the data provided in Table 2, when only inclusions
with sizes greater than 0.5 pm are considered, the Zp can be
represented as 205.4, 227.9, and 229.0 J/mol, respectively.
When the inclusions smaller than 0.5 um are also considered,
the values are 284.0, 311.8, and 315.7 J/mol. S. Morioka and
H. Suito reported that the grain size of austenite decreases with
the increase in Zener pinning force in an unstable state. This
result is consistent with the grain size in Fig. 4. In addition, the
Y and Zr atoms in the solid solution may also restrict the
growth of the austenite grains.

To determine the inclusion types at the grain boundary, an
SEM was employed. Figure 5(a), (b), and (c) shows a large
number of white second-phase particles at the grain boundary.

Journal of Materials Engineering and Performance

As illustrated in the figures, the particle size of 1 Y2Zr alloy was
the largest, whereas that of 5Y3Zr and 11Y2Zr alloys is smaller.
The EDS of the inclusion (Fig. 5d, e, and f) demonstrated that
the complex particle was a mixture of Y-Zr-O-S. In the results
of section 3.1, the inclusions in 1Y2Zr alloy were mainly Y-Zr-
O-S with MnS. However, no inclusions with MnS were found
in 5Y3Zr and 11Y2Zr alloys. The inclusions can refine the
microstructure owing to their pinning effect, and the reefing
effect shows the Zener relation.

3.3 Microstructure and Precipitates

The detailed microstructural investigations were conducted
using the OM and SEM. As shown in Fig. 6(a)-(c), the
microstructures were tempered martensite, and the Vickers
harnesses of the alloys were 265, 273, and 269 HV. The
average prior austenite grain sizes measured using a linear
intercept method are 14.5, 13.5, and 13.4 um for 1Y2Zr,
5Y3Zr, and 11Y2Zr alloys, respectively, which are much
smaller than the grain size of CLAM steels (20-30 pm) (Ref
31). Figure 6(d)-(i) shows the SEM micrographs of normalized
steels with high magnification. Furthermore, the lath and prior
austenite grain boundaries are decorated with M,3Cy precipi-
tates, and a few MC carbides are randomly distributed in the
matrix, which has been observed in other ferritic/martensitic
steels (Ref 7-14). The carbides are finer in 5Y2Zr samples with
lower Y/Zr ratio than in other samples.

3.4 Tensile Test

3.4.1 Tensile Properties at RT. The objectives of the
CLAM steel project (Ref 31), with tensile strength (TS) of
650 MPa and yield strength (YS) 550 Ma at RT, are listed in
Table 3. As presented in the table, all the three steels can meet
the objective of CLAM steel, particularly the TS and YS of
5Y3Zr alloy reaching 743.5 and 638.7 MPa, respectively.
Compared with other RAFM steels, EUROFER97 (Europe),
9Cr2WVTal.5Y (USA), ARAA (South Korea), and the
optimized 0.22-CLAM steel (China), the performance of these
three steels regarding strength and toughness is also excellent.
Meanwhile, the tensile properties of the Y-Zr-infused steels are
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Fig. 5 SEM and EDS spectrum of inclusions observed in the experiment using the CSLM: (a and d) 1Y2Zr, (b and e) 5Y3Zr, and (c and f)
11Y2Zr alloy

Fig. 6 OM and SEM images of the normalized and tempered steels: (a, d, and g) 1Y2Zr specimen, (b, e, and h) 5Y3Zr specimen, and (c, f,
and g) 11Y2Zr specimen
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Table 3 Tensile properties of steels

Specimens o, MPa 692, MPa o, % Specimens 6, MPa 692, MPa 0, %
1Y2Zr 684.6 573.7 23.6 EUROFER97 (Ref 12) 650 540 22.5
5Y3Zr 743.5 638.7 25.2 9Cr2WVTa0.15Y (Ref 14) 627 483 21.0
11Y2Zr 697.9 591.7 26.4 0.22Si-CLAM (Ref 24) 675 540 23.5
Goal of CLAM (Ref 23) 650 550 ARAA (Ref 12) 525 21.5

Fig. 7 Fracture surfaces of the steels: macroscopic (a, b, and ¢) and microscopic (e, f, and g) fracture morphologies and the corresponding EDS

spectra (g, h, and 1)

strongly dependent on their Y/Zr ratio (Table 3). When the Y/
Zr ratio is increased from 1/2 to 5/3, the YS also increases from
573.7 to 638.7 MPa, and the ultimate TS increased from 684.6
to 743.5 MPa. When the Y/Zr ratio is further increased to 11/2,
the YS and ultimate TS reduce to 697.9 MPa and 591.7 MPa,
respectively, which is also higher than that of 1# alloy.
Moreover, the alloy with the highest elongation is 11Y22Zr.
The fracture morphology of the steel is shown in Fig. 7. The
fractures are typical ductile fractures exhibiting fiber, radiation,
and shear lip areas (Fig. 7a-c). The morphologies were similar

Journal of Materials Engineering and Performance

in the specimens that had the same composition. The fiber area
and radiation zone indicate the sites of slow crack propagation
and rapid crack growth, respectively. For the three specimens,
significant ductile dimpling fractures can be observed (Fig. 7d-
f). Spiral bands were also observed in dimple walls and were
generated by shear stress around the particles: more ductility
and toughness were achieved when the dimples widened and
deepened under tensile stress. These dimples are mainly
equiaxial with the 1Y2Zr steel being larger. Several large
dimples may widen to more than 10 um. Meanwhile, the

Volume 28(2) February 2019—1073



dimple sizes of 5Y3Zr and 11Y2Zr steels were evidently more
uniform and smaller, and the smallest dimple size belongs to
the 5Y3Zr alloy. In addition, inclusions with a diameter size of
1-3 um are observed in many holes.

Additional details of the inclusions in the dimple are shown
at the upper right-hand side of Fig. 7(g)-(i). The inclusions in
the holes of 11Y2Zr alloy are much larger than those of the
5Y3Zr alloy but are smaller than in the 1Y2Zr alloy. This
phenomenon is the main reason why the 11Y2Zr alloy has the
smallest grain size, but its mechanical properties are worse
compared with the 5Y3Zr alloy. According to the EDS analysis
of the samples shown in Fig. 7(j)-(1), the inclusions of 11Y2Zr
alloy comprised elemental Fe, Cr, Y, Zr, C, and O, whereas Fe,
Cr, Y, Zr, C, O, and Ta are the components of the 5Y3Zr steel
samples. Moreover, the inclusions of 1Y2Zr steel were mainly
Fe, Cr, Y, Zr, C, O, Ta, and W. Assuming that these inclusions
all contain elemental C and O, owing to the detection difficulty
through EDS, the inclusions in the steels were regarded as
compound with carbides and oxides, which is similar to the
result obtained by Z. M. Shi (Ref 17) et al. Such inclusions play
an important role in the dispersion strengthening of steels.
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Fig. 9 Effect of the Y/Zr ratio on the variation of impact energy of
the RAFM steels with test temperatures. The data for 0.22Si-CLAM
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for comparison
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Table 4 USE and impact transition temperatures obtained from the instrumented Charpy impact test of the investigated

samples

Sample 1Y2Zr 5Y3Zr 11Y2Zrx ARAA (Ref 12) 0.22Si-CLAM (Ref 9) EURFERY97 (Ref 12)
DBTT (K) 220.8 194.0 215.6 2233 202.3 230.4

USE (J) 277.6 306.2 283.4 312 250 225

3.4.2 Tensile Properties at High Temperature. With the
aim of evaluating the effects of the Y/Zr ratio on high-
temperature tensile properties, the tensile tests were performed
on the 1Y2Zr, 5Y3Zr, and 11Y2Zr alloys at 573, 773, 823,
873, and 923 K. Figure 8(a)-(c) shows the TS, YS, and
elongation of the steels at various test temperatures. As
illustrated in the figures, the TS and YS of the three steels
decreased with increasing test temperature. As the temperature
increased, the elongation partially reduced and then increased.
The inflection point was 573 K, as reported in other RAFM
steels (Ref 7-14). Thus, the higher the Y/Zr ratio, the longer
the elongation. A similar result is also achieved with other
steels with Y and Zr (Ref 32). With the increase of the Y/Zr
ratio from 1/2 to 11/2, the high-temperature tensile properties
of the three specimens have similar trend changes at the same
temperature: partially rising and then dropping. Although the
mechanical performance of 1Y2Zr alloy was the lowest
among the samples, its TS matched with those of JLF-1 (Ref
33) and EUROFER97 (Ref 12). Evidently, all the YS of the
three steels is higher than that of JLF-1 (Ref 33), EURO-
FER97 (Ref 12), ARAA, and the optimized 0.22S5i-CLAM
(Ref 9). This result is a product of the following factors: (i)
fine prior austenitic grain size and (ii) introduction of
submicron-sized inclusions.

3.5 Charpy Impact Test

The Charpy impact transition curves of the samples with
different Y/Zr ratios are presented in Fig. 9. The transition
curves were drawn by fitting the “Boltzmann” function
[following the procedure in (Ref 34)] within the average values
of the Charpy impact energy versus the test temperature (Fig. 9).
The impact energy variation with temperature can be treated as
two distinct regimes. In the temperature range of 253298 K, it
is called the upper shelf regime. As listed in Table 4, the upper
shelf energy (USE) was found to partially rise and then reduce
with the increase in the Y/Zr ratio. The maximum value belongs
to 5Y3Zr alloy. As presented in Fig. 9 and Table 4, the USE of
these three samples was higher than CLAM and EURFER97,
but lower than that of ARAA, which had a Zr content of 0.02%.
This result indicates that the addition of Zr is beneficial for the
improvement of impact performance. For the test temperatures
lower than 253 K, a steady decline in impact energy was
observed (Fig. 9), and this energy decline is referred to as the
transition temperature regime. The transition temperature
regime is common in ferritic steels with body-centered cubic
structures, similar to the investigated steel with tempered
martensitic structure. The ductile-to-brittle transition tempera-
ture (DBTT) has been determined from the impact transition
curves (Table 4). The presence of fine prior austenitic grain size
and fine inclusions would be attributed to the decrease in the
DBTT.
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4. Conclusion

In the current work, three RAFM steels with different Y/Zr
ratios were prepared to evaluate the effect of the Y/Zr ratio on
the inclusions, microstructures, tensile properties, and impact
toughness. The following conclusions were drawn from this
work:

1. Generating inclusions containing Y-Zr-O becomes easy,
which coincides with the results of the first principle cal-
culation.

2. The statistical results show that most of the inclusions
were smaller than 3 pm, and the proportion of inclusions
smaller than 3 um was more than 97% in every sample.
The density of submicron-sized inclusions reached the re-
ported density in 9Cr-ODS steel.

3. The prior austenite grain sizes decrease in direct correla-
tion with the increase in the Y/Zr ratio. The micron-sized
inclusions can refine the microstructure owing to their
pinning effect, and the reefing effect shows the Zener
relation.

4. The TS increases with the addition of Y and Zr at RT
owing to both the refinement of prior austenite grain size
and the fine submicron-sized inclusions. Hence, the smal-
ler the grain size and the finer the inclusions, the better
the mechanical properties of the steel.

5. Impact toughness is improved and the DBTT decreases
when the Y/Zr ratio increases to 5/3. However, the
toughness significantly decreases when the Y/Zr ratio
reaches 11/2 owing to inclusion coarsening.
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