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Abstract In this study, NbTaTiV refractory high-entropy

alloys (RHEAs) reinforced with dispersed oxides were

successfully designed and fabricated by mechanical alloy-

ing and subsequent spark plasma sintering (SPS). The

effects of Y2O3 content on the microstructure and

mechanical properties have been systematically studied.

The results show that the oxide dispersion strengthening

(ODS) RHEAs are mainly composed of body centered

cubic (BCC) matrix and multiscale oxides, including sub-

micron Ti-(N, O) particles, nano-sized Y-Ti-O particles

and nano-sized Y2O3 particles. The ODS-RHEAs have

excellent mechanical properties due to the multiscale oxi-

des. With the content of Y2O3 increasing from 1 wt% to 3

wt% Y2O3, the compressive yield strength of the ODS-

RHEAs significantly increases from 1528 to 1866 MPa,

while the fracture strain slightly reduces from 22% to 16%.

The enhancement of the mechanical property is mainly

attributed to the increased amount of multiscale oxide

particles and the refined grain structure.

Keywords Refractory high-entropy alloy; Oxide

dispersion strengthening; Spark plasma sintering (SPS);

Mechanical property; Strengthening mechanism

1 Introduction

High-entropy alloys (HEAs) with equal or near-equal

atomic ratios usually have supersaturated solid solutions,

which can cause severe lattice distortion and thus enhance

the mechanical properties of the alloy [1]. Based on the

concept of HEAs, Senkov et al. [2] proposed refractory

high-entropy alloys (RHEAs) that consisted of elements

mainly from the IV–VI group and presented excellent high-

temperature properties. For example, MoNbTaVW RHEA

maintains a yield strength of 477 MPa at 1600 �C, which is

significantly higher than that of traditional nickel-based

super-alloys [3]. However, due to the presence of heavy

elements such as W, Mo and Ta, these RHEAs have the

problems of high density and high brittleness at room

temperature. As an improvement, a series of plastic

RHEAs based on lighter refractory elements such as Hf,

Nb, Ti, V and Zr have been developed [4–7]. For example,

NbTaTiV alloy exhibits excellent compressive plasticity

([ 50%) at room temperature; however, its strength is

slightly insufficient compared with that of RHEAs con-

taining W and Mo, which needs to be further enhanced [5].
So far, researchers have tried a variety of methods, such

as adding alloying elements or introducing ceramic parti-

cles, to improve the strength of the ductile NbTaTiV

RHEAs. For example, HfNbTaTiV [6] and MoNbTaTiV

[7] RHEAs exhibit yield strength of 1350 and 1400 MPa,

respectively, which are remarkable higher than that of

NbTaTiV alloy (* 965 MPa) and still maintain good

plasticity. However, the expensive elements Hf and Mo

will limit their application. By utilizing the powder met-

allurgy method, a NbTaTiV composite reinforced with

in situ formed Ti-C-O ceramic particles has been prepared

in our previous work [8]; it shows excellent room-tem-

perature and high-temperature strength, but also had the
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problem of room-temperature brittleness (its room-tem-

perature plasticity is even less than 5%). Therefore, it is

important to find a new method to improve the strength of

ductile RHEAs while maintaining their plasticity.

The beneficial effects of oxide dispersion strengthening

in improving strength have been confirmed and utilized in

many alloys, such as oxide dispersion strengthening

(ODS)-Fe-based alloy and ODS-HEAs [9–12]. This

method is mainly by adding fine oxide particles (Y2O3,

Al2O3, etc.) to the matrix alloy. These oxide particles can

either dispersively distribute in the matrix or react with the

matrix to in situ generate ultra-fine oxide particles, thus

hindering the movement of dislocations and the growth of

grains, and thereby improving the mechanical properties

[13–15]. For example, Gwalani et al. [9] prepared an ODS-

Al0.3CoCrFeMnNi HEA and found that the strength

increased from 980 (0 vol% Y2O3) to 1760 MPa (3 vol%

Y2O3) with a reasonable reduction in plasticity due to the

dislocation pinning effects from the dispersive nano-ox-

ides. Hadraba et al. [16] prepared an ODS-CoCrFeMnNi

HEA and demonstrated that the yield strength of the ODS-

HEA increased by 30% at room temperature and 70% at

800 �C due to the presence of dispersive in-situ nano-ox-

ides. Although some previous works confirmed the

strengthening effect of the dispersive oxides in HEAs, the

ODS method is rarely reported in RHEAs.

Recently, an interesting phenomenon was reported in

the NbTaTiV RHEA: when the alloy is prepared by ball

milling and spark plasma sintering (SPS), the high content

of O and N will react with Ti and produce dispersed sub-

micron Ti-(N, O) particles, thereby improving the hardness

and strength of the alloy [17]. Similar precipitation

behavior has also been found in MoNbTaTiV [18] and

TixVNbMoTa [19] RHEAs. In view of the advantages of

dispersed oxides on improving the mechanical properties,

we designed a new multiscale ODS-NbTaTiV RHEA. In

this RHEA, nano-sized Y2O3 particles were added to the

NbTaTiV alloy by ball milling and spark plasma sintering

method. On the one hand, adding Y and O will react with

Ti to form nanoscale Y–Ti–O clusters during the ball

milling, and the oxide clusters continue to nucleate and

grow during the sintering process [11, 20, 21]. On the other

hand, Ti has a strong affinity with O atoms decomposed

from Y2O3 and N atoms from the residual air, and the

reaction between them promotes the formation of Ti-(N, O)

particles through repeated fracture and cold welding during

the ball milling, which are gradually refined and dispersed

in the matrix [18], thereby producing multiscale oxides

structure, which may also help to improve the mechanical

properties of NbTaTiV RHEAs.

In this study, ODS-NbTaTiV RHEAs were prepared by

powder metallurgy (mechanical alloying (MA) ? SPS),

and the influences of Y2O3 content on the phase

composition, microstructure and mechanical properties

were systematically studied. The corresponding strength-

ening mechanisms were also discussed. This work aims to

provide a new strategy for further improving the mechan-

ical property of the ductile RHEAs.

2 Experimental

High-purity Nb, Ta, Ti and V powders (particle sizes\
45 lm, purity[ 99.5 wt%) and Y2O3 powder (particle

size of 30–50 nm, purity[ 99 wt%) were used to prepare

the ODS-NbTaTiV RHEAs. Three RHEAs with Y2O3

contents of 1 wt%, 2 wt% and 3 wt% were prepared. The

powders were milled in a planetary ball mill (MITR-

YXQM-4L) with a ball-to-powder mass ratio of 10:1 at 250

r�min-1 for 20 h. Tungsten carbide vials and balls were

utilized as the milling media. The as-milled powders were

sintered at a temperature of 1500 �C and a pressure of

40 MPa for 10 min using a spark plasma system (SPS,

LABOX-325R).

Phase analysis was conducted in an X-ray diffractometer

(XRD, D/MAX-2250) with Cu Ka radiation in 2h range

from 20� to 90�. The microstructural characteristics were

performed in a field emission scanning electron microscope

(FESEM, Quanta 650 FEG) equipped with an energy-dis-

persive X-ray spectroscopy (EDS) and a backscatter elec-

tron (BSE) detector. The detailed microstructure and the

nano-sized particles were analyzed by using a transmission

electron microscope (TEM, FEI Titan G2). The sample for

TEM tests was prepared by iron thinning. Compression

tests were proceeded on an Instron 8802 testing machine at

room temperature, and all compression tests were per-

formed at a strain rate of 1 9 10–3 s-1. The samples used

for the compression test have a cylindrical shape of U6
mm 9 9 mm. The micro-hardness of the bulk alloys was

measured by using a micro-hardness tester (MicroMet-

5104 Vickers). The indenter load was 49 N (5 kg), and the

pressure holding time was 20 s.

3 Results and discussion

3.1 As-milled powders

Figure 1 shows SEM images and XRD patterns of the as-

milled powders with different Y2O3 contents. It can be seen

that the powders are mainly nearly ellipsoidal, with a rough

surface and obvious welding traces. The average particle

size of the ball-milled powders with 1 wt% Y2O3, 2 wt%

Y2O3 and 3 wt% Y2O3 is 15.18, 11.52 and 7.93 lm,

respectively. The decrease in the average particle size of

the powders is maybe due to the smashing effect of the
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brittle Y2O3 particles, which could inhibit the cold welding

and clustering of the raw powders. XRD results show that

the powders are mainly composed of BCC phase (matrix)

and face centered cubic (FCC) phase (precipitates). FCC

phase could be Ti-(N, O) compound, which may come

from the reaction between Ti and O or N atoms during

milling, and it has also been reported in MoNbTaTiV alloy

[18, 19]. With Y2O3 content increasing to 3 wt%, some

diffraction peaks of Y2O3 appears, indicating that the

amount of the Y2O3 is too much and can not be completely

dissolved during the ball milling process.

3.2 Effect of Y2O3 content on microstructure

Figure 2 shows BSE images and XRD patterns of the bulk

NbTaTiV RHEAs with different contents of Y2O3. ODS-

RHEAs are all composed of the matrix phase (light gray

area) and dispersed particles (dark-gray and black areas).

With the increase in Y2O3 content, the volume fraction of

the particles gradually increases. The particle sizes of the

black particles are in the range of * 100 to 600 nm, while

the dark-gray particles have a nano-size. According to EDS

results, the black particle is composed of Ti (52.15 at%), N

(21.77 at%), and O (22.85 at%), confirming that these

black particles are Ti-(N, O) compounds. The nano-sized

particles are too small to be identified in SEM analysis, and

it will be analyzed by HRTEM later. In XRD patterns of

bulk RHEAs (Fig. 2d), it can be seen that the bulk alloys

have a similar phase constitution to the as-milled powders,

suggesting that there is no new phase formed during the

sintering.

Figure 3 shows EBSD results of NbTaTiV RHEAs with

different contents of Y2O3. It can be seen from the inverse

pole figures (IPF) that the average grain size gradually

decreases as Y2O3 content increases from 1 wt% to 3 wt%,

and the average grain size is determined to be 0.78, 0.73

and 0.64 lm, respectively. In addition, the phase maps also

confirm that the ODS-RHEAs are mainly composed of

BCC matrix phase and Ti-(N, O) phases, and the volume

fraction of Ti-(N, O) phase increases from 4.3% to 8.1%

with the Y2O3 content increasing from 1 wt% to 3 wt%.

The nano-sized in situ formed Y-Ti-O particles and Y2O3

particles were not detected due to the insufficient resolution

of EBSD detector. The inhomogeneous distribution of

Fig. 1 a–c SEM images and d XRD patterns of as-milled powders of NbTaTiV RHEAs with different contents of Y2O3: a 1 wt% Y2O3;
b 2 wt% Y2O3; c 3 wt% Y2O3

1 Rare Met. (2022) 41(10):3504–3514

3506 T. Liao et al.



grains can be found from EBSD mappings, and many

coarse grains can be detected and are decreased with Y2O3

content increasing. The phase diagram confirms that the Ti-

(N, O) particles are mainly concentrated in the fine-grained

region, and no particles are in the coarse-grained region,

which is mainly because Ti-(N, O) particles can inhibit the

rapid growth of grains at high sintering temperatures [18].

Figure 4a, b shows TEM image and size distribution of

the particles in NbTaTiV RHEA with 3 wt% Y2O3. Two

kinds of particles can be observed in TEM image, and

those are ultrafine particles with particle size of lower than

25 nm and relatively coarse particles with particle size of

higher than 100 nm. The average particle size is about

18.02 nm, and the majority of the particles are below

25 nm. Figure 4c, d shows selected area electron diffrac-

tion (SAED) patterns of the coarse particle (Point 1 in

Fig. 4a) and the matrix (Point 2 in Fig. 4a). The results

show that the coarse particles with submicron size have an

FCC structure with a lattice constant of 0.4210 nm. Note

that the lattice constants of TiO and TiN are 0.4177 and

0.4242 nm, respectively; therefore, these submicron parti-

cles can be determined to be Ti-(N, O) compounds, which

agrees with the results in SEM analysis. In addition, the

matrix has a BCC structure with a lattice constant of

0.3229 nm, which is similar to the lattice constant of the

NbTaTiV RHEA (0.3230 nm) mentioned in our previous

work [22].

To further understand the microstructure of the nano-

sized particles in RHEAs, a HRTEM was used, and the

results are shown in Fig. 5. The inserted images in the

upper right corner are corresponding fast Fourier transform

(FFT) results. HRTEM images and FFT results in Fig. 5a,

b suggest that these particles could be Y2Ti2O7 particles

with a cubic structure. The average particle size is about

8 nm. The interplanar distances d(331)P of the particles in

Fig. 5a, b are 0.2287 and 0.2280 nm, respectively, which

are close to that of the matrix (0.2286 nm), suggesting that

the interface between the particles and the matrix is

coherent. Figure 5c, d shows HRTEM images of bigger

particles, and (insets) corresponding FFT results. As

shown, these bigger particles have a Y2O3 monoclinic

structure, which suggests that these particles are excessive

Y2O3 particles. The interfaces between the Y2O3 particles

and the matrix are clearly non-coherent.

Fig. 2 a–c BSE images and d XRD patterns of bulk NbTaTiV RHEAs with different contents of Y2O3: a 1 wt% Y2O3; b 2 wt% Y2O3; c 3
wt% Y2O3
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3.3 Effect of Y2O3 content on mechanical
properties

Figure 6 presents Vickers microhardness of the NbTaTiV

RHEAs with different contents of Y2O3. The microhard-

ness values of the NbTaTiV RHEAs prepared by casting

[5] and powder metallurgy [22] are also given, as plotted in

the dotted line in Fig. 6. The hardness values of these

ODS-NbTaTiV RHEAs are HV 466.7, HV 508.9 and HV

515.4, respectively, which are significantly higher than

those of NbTaTiV RHEA prepared by casting (* HV 298)

and powder metallurgy (* HV 427.9). The increase in

hardness may be mainly related to the multiscale oxide

particles.

Figure 7a shows compressive engineering stress–strain

curves of the ODS-NbTaTiV RHEAs at room temperature.

In our previous work [22], the yield strength, fracture

strength and fracture strain of the NbTaTiV RHEA are

1108 MPa, 1821 MPa and 25%, respectively. In this study,

the increase in the Y2O3 content leads to an obvious

enhancement in mechanical properties. The ODS-NbTa-

TiV RHEA with 3 wt% Y2O3 has a yield strength of

1866 MPa, which is 68.4% higher than that of the NbTa-

TiV RHEA while maintaining a reasonable fracture strain

of about 16%. Figure 7b gives the compressive yield

strength and fracture strain of the present ODS-NbTaTiV

RHEAs and some typical RHEAs [3–8, 22–25]. It can be

clearly seen that the ODS-NbTaTiV RHEAs exhibit

superior yield strength and fracture strength, which are

better than most of the RHEAs and RHEA-based com-

posites in the literature. Table 1 summarizes the com-

pressive properties of several RHEAs and RHEA-based

composites in the present study and literature [3–8, 22–26].

For example, the yield strength of the ODS-NbTaTiV

RHEA with 3 wt% Y2O3 is 1866 MPa, which is obviously

higher than those of the typical HfNbTaTiV RHEA [6],

MoNbTaTiV RHEA [7] and the NbTaTiV [8]-based

composites reinforced with Ti-C-O ceramic particles.

Besides, the ODS-NbTaTiV RHEA with 3 wt% Y2O3

maintains a reasonable fracture strain of 16%.

Fig. 3 EBSD IPF maps and grain size distributions of NbTaTiV RHEAs with different contents of Y2O3: a–c 1 wt% Y2O3; d–f 2 wt%
Y2O3; g–i 3 wt% Y2O3
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Figure 8 shows the fracture morphologies of the ODS-

NbTaTiV RHEAs after compression tests. It is shown that

all the ODS-NbTaTiV RHEAs exhibit typical intergranular

fracture characteristics, which is related to the inherent

brittleness of the BCC crystal structure. At the same time,

from the high-magnified fracture images shown in Fig. 8d–

f, it can be found that some holes with a size of around

300 nm are shown on the fracture surface, which may be

caused by the pull-out effect of Ti-(N, O) particles during

the deformation.

So far, many strengthening mechanisms have been pro-

posed to evaluate the strength contribution of HEAs

[9, 10, 27]. In this work, since the RHEAs have added a

predetermined amount of nano-sized oxides, the remarkable

mechanical properties of the ODS-NbTaTiV RHEAs are

mainly related to the strengthening of multiscale oxides,

including the submicron Ti-(N, O) particles, the nano-sized

Y-Ti-O particles, and the nano-sized Y2O3 particles [28, 29].

Besides, grain boundary strengthening caused by refined

grains also partly contributes to enhanced mechanical

properties [10]. As for particle strengthening, usually, the

dislocation by-passmechanism occurswhen the particles are

large enough (usually several tens of nanometers or more)

and incoherent with the matrix, and the shearing mechanism

would dominate when particles are sufficiently small or

coherent with the matrix. In this study, the submicron Ti-(N,

O) particles and the nano-sized Y2O3 particles have a non-

coherent interface with the BCC matrix, thereby mainly

strengthening the ODS-RHEAs through the dislocation by-

pass mechanism [30, 31]. However, the nano-sized Y-Ti-O

particles exhibit a coherent interface with BCC matrix,

thereforemainly strengthening theODS-RHEAs through the

Fig. 4 a TEM image of nano-sized particles in NbTaTiV RHEA reinforced with 3 wt% Y2O3; b size distribution of particles; c SAED
pattern of submicron particles; d SAED pattern of matrix
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dislocation shearing mechanism [9]. Therefore, the

enhanced strength from the dispersed oxide particles can be

estimated as the sum of several strengthening mechanisms

and expressed as:

Dr ¼ DrD þ DrP ð1Þ

where DrD and DrP are the dispersion strengthening

caused by nanoscale Y-Ti-O particles and precipitation

strengthening caused by submicron Ti-(N, O) particles. To

simplify the calculation, Y2O3 particles are not taken into

account in the above calculation due to their small volume

fraction. The dispersion strengthening can be evaluated by

the Seeger model [32, 33], as follows:

DrD ¼ 0:8Ma rð ÞGb=k ð2Þ

where M is the Taylor factor of the BCC structure [18]; G

and b are the shear modulus and Burman’s vector of the

base alloy, respectively [5]; k is the average distance

between particles, which is given by Eq. (3) [31]; a(r) is
the barrier strength coefficient of the particles, which is

given by Eq. (4) [33]:

k ¼ 2

ffiffiffi

2

3

r

r
p
4f

� �1=2

�1

 !

ð3Þ

where f and r are the volume fraction and average particle

size of the Y-Ti-O, respectively.

Fig. 5 HRTEM images of nano-sized particles and their corresponding FFT images of NbTaTiV RHEA with 3 wt% Y2O3: a, b Y-Ti-O
particles; c, d Y2O3 particles (noting that P is for particle and M is for matrix in FFT images)

Fig. 6 Vickers microhardness of NbTaTiV RHEAs with different
contents of Y2O3 and NbTaTiV RHEAs prepared by casting [5]
and powder metallurgy [22]
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a rð Þ ¼ �0:017þ 0:374 lg r=2bð Þ ð4Þ

where a rð Þ represents the impeding ability of dislocation

movement from the particles. When the value of a(r) is

very small, the particles appear as a soft barrier, and the

strengthening effect mainly comes from the dislocation

shearing mechanism [34, 35]. When the value of a(r) is

large (C 1), the strengthening effect will turn to be the

dislocation by-pass mechanism [36]. Therefore, the

precipitation strengthening caused by Ti-(N, O)

precipitates is more suitable to be calculated by the

Orowan model [9, 30], expressed as follows:

DrP ¼ M
0:4Gb

pk
� ln 2r=bð Þ
1� mð Þ1=2

ð5Þ

where r ¼
ffiffiffiffiffiffiffiffi

2=3
p

r, and m is the Poisson’s ratio of the matrix

alloy [19].

Fig. 7 a Room-temperature compressive engineering stress–strain curves of NbTaTiV RHEAs with different contents of Y2O3;
b comparison of compressive yield strength and plastic strain of this work and some typical RHEAs

Table 1 Room-temperature compressive properties of several RHEAs in present study and literature

Materials Preparation
methods

Phase
structure

Yield strength /
MPa

Ultimate strength /
MPa

Plastic fracture
strain / %

Refs.

1 wt%-NbTaTiV MA ? SPS BCC 1528 2389 22.0 This work

2 wt%-NbTaTiV MA ? SPS BCC 1696 2560 18.0 This work

3 wt%-NbTaTiV MA ? SPS BCC 1866 2523 16.0 This work

NbTaTiV MA ? SPS BCC 1108 1821 * 23.0 [22]

NbTaTiVAl MA ? SPS BCC 1450 1619 * 3.0 [4]

NbTaTiV/Ti-C-O MA ? SPS BCC 1510 - 2050 * 10.0 [8]

NbTaTiV Arc-melting BCC 965 - 1370 50.0 [5]

NbTaTiZr Arc-melting BCC 1020 – 50.0 [23]

HfNbTaTiV Arc-melting BCC 1350 – [45.0 [6]

HfNbTaTiZr Arc-melting BCC 900 – [45.0 [6]

MoNbTaTiV Arc-melting BCC 1400 2450 30.0 [7]

MoNbTaTiZr Arc-melting BCC 1460 - 1750 6.0 [23]

MoNbTaW Arc-melting BCC 1246 1270 1.7 [3]

MoNbTaVW Arc-melting BCC 1058 1211 2.1 [3]

NbTaTiVW Arc-melting BCC 1420 - 1880 20.0 [5]

NbTaVW Arc-melting BCC 1530 - 1700 12.0 [5]

NbTaTi Arc-melting BCC 724 1137 [35.0 [24]

NbTaZr Arc-melting BCC 1027 1409 16.9 [24]

HfMo0.5NbTiV0.5 Arc-melting BCC 1260 – [35.0 [25]

HfMoTaTiZr Arc-melting BCC 1600 - 1750 4.0 [26]
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Table 2 gives the values of corresponding parameters in

the above discussion. Based on the given parameters and

the strengthening models, the dispersion strengthening

(DrD) and precipitation strengthening (DrP) of the ODS-

NbTaTiV RHEA with 3 wt% Y2O3 were determined to be

344.38 and 86.44 MPa, respectively. In summary, it can be

deduced that the enhanced yield strength of the ODS

RHEAs is mainly ascribed to the in situ formed nanoscale

Y-Ti-O precipitates and submicron Ti-(N, O) particles.

Moreover, with the increase in Y2O3 content, both the

yield strength and fracture strength of the ODS-NbTaTiV

RHEAs increase gradually. This can be attributed to

several effects. First, the increase in Y2O3 content leads to

an increased amount of in situ formed Ti-(N, O) and Y-Ti-

O particles, thereby leading to further particle strength-

ening. Second, with Y2O3 content increasing, the exces-

sive Y2O3 particles could also strengthen the ODS-

NbTaTiV RHEAs. Besides, the grain is gradually refined

with the increase in Y2O3 addition, which also contributes

to the increase in strength. Therefore, a superior

mechanical property is achieved in the ODS-NbTaTiV

RHEAs.

Fig. 8 Fracture morphologies of NbTaTiV RHEAs with different contents of Y2O3: a, d 1 wt% Y2O3; b, e 2 wt% Y2O3; c, f 3 wt% Y2O3

Table 2 Various strengthening mechanisms and parameters used to calculate strengthening mechanism

Strengthening mechanism Symbol Parameter Value

Dispersion strengthening:DrD ¼ 0:8Ma rð ÞGb=k M Taylor factor 2.9

r / nm Average particle radius 9.01

f / % Mean volume fraction 6.215

a / r Obstacle strength coefficient 0.466

G /
GPa

Shear modulus 52.025

b / nm Burgers vector 0.25

k / nm Inter-precipitate spacing 37.58

Precipitation strengthening:Dror ¼ M 0:4Gb
pk � ln 2r=bð Þ

1�mð Þ1=2
r / nm Average radius 143.80

f / % Mean volume fraction 9.45

k / nm Inter-precipitate spacing 442.15

m Poisson’s ratio 0.358
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4 Conclusion

A new ODS-NbTaTiV RHEA with multiscale ultrafine

particles was successfully developed through MA and SPS

methods. In these RHEAs, the introduction of Y2O3 par-

ticles can lead to the in situ formation of the submicron Ti-

(N, O) particles and nano-sized Y-Ti-O particles and also

cause grain refining in the matrix. The novel ODS-NbTa-

TiV RHEAs exhibit superior mechanical properties com-

pared with most of the RHEAs and RHEA-based

composites. The yield strength and fracture strength of the

ODS-NbTaTiV RHEA with 3 wt% Y2O3 are 1866 and

2523 MPa, respectively, which are 68.4% and 38.6%

higher than that of the NbTaTiV matrix alloy. The

enhanced mechanical properties of the ODS-NbTaTiV

RHEAs are mainly attributed to the multiscale oxide dis-

persion strengthening from the submicron Ti-(N, O) par-

ticles, nano-sized Y-Ti-O particles and Y2O3 particles, and

the grain boundary strengthening from ultrafine grain

structure.
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