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Abstract: The morphology and size of second phase greatly influence the strengthening effect on oxidation dispersion
strengthened Mo alloys. In this work, a novel nanostructuring strategy is adopted to modify the second phase of Y,0s3,
and the corresponding effects of particle shape and size on mechanical properties of sintered Mo—Y»0; alloys were
investigated. It is found that spherical particles with sizes below 200 nm are preferred due to the dominant intragranular
distribution of second phases associated with better strengthening effect originating from dislocation pinning. With
smaller particle size of Y>Oj3; nanospheres (105 nm), the tensile strength of corresponding Mo alloy is enhanced by about
43.8%, much higher than that (8.3%) reinforced by second phase nanospheres with larger particle size (322 nm).
Meanwhile, with similar particle size (around 100 nm), the spherical shape exhibits better strengthening effect than the
one reinforced by one-dimensional rod-like second phase.
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1 Introduction

Molybdenum (Mo) alloys with ultra-high
melting point, low expansion coefficient, excellent
thermal and electrical conductivities have shown
wide applications in the fields of petroleum,
lighting, aerospace, metallurgy, and so on [1—4].
However, the low high-temperature strength,
low recrystallization temperature and high ductile-
to-brittle transition temperature still restrict further
applications of Mo alloys. Many researchers have
put forward the scheme of adding other elements or
rare earth oxides into Mo to overcome the above
disadvantages [5—9]. ZrO, makes the Mo—ZrO,
alloy have higher strength and elongation at
room temperature than pure molybdenum [5]. The
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addition of AlO; can refine the grain size and
increase the micro-hardness of Mo alloy [6,7].
ZHANG et al [8] doped Mo alloy with La,Os,
which improved toughness and decreased the
DBTT (ductile-to-brittle transition temperature) of
Mo alloy. WU et al [9] synthesized Mo—La,03
powder by self-reduction strategy, which exhibited
excellent sintering performance with greatly
relative density and hardness.

Among rare earth metals, yttrium (Y) presents
strong oxidation ability, so it can purify the grain
boundary (GB) by adsorbing and capturing
impurities such as C, N and O in Mo alloys [10]. In
addition, Y,O3; shows close melting point with
molybdenum, stable chemical properties, excellent
heat resistance and corrosion resistance, and
can greatly improve the recrystallization temperature,
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reduce the ductile-to-brittle transition temperature,
refine grain size, and improve the strength and
hardness of Mo alloys [11,12]. Generally, the
strengthening mechanisms for rare earth oxides as
second phase particles can be ascribed to reducing
the segregation of impurity elements (including O,
C and N) at GBs to enhance the bonding ability and
increasing migration resistance of dislocations to
improve the strength of Mo alloys [3,13—18]. Great
efforts have been devoted to developing high-
performance Mo—Y»O; alloys, including doping
other rare metal oxides, and using the spark plasma
sintering technique [16—18]. However, there are
few reports on the intrinsic regulations of Y03, in
which the size and morphology heavily influence
the mechanical performances of Mo—Y»0O3 alloys.
In this work, we proposed a nanostructuring
strategy over the Y,0; particles to improve the
mechanical performances of Mo alloy, in which the
size and shape of second phase were well
modulated, and the strengthening effects of the
second phase were also be clarified systematically.

2 Experimental

2.1 Synthesis of powders

Typically, urea (CON,Hs, 30g, Aladdin
Reagents Company) and Y(NOs);-6H,O (4.3 g,
Shanghai  Crystal Bio-chemical Technology
Company) were mixed by deionized water with a
concentration ratio of 30:1, and then 5 mL CTAB
solution (cetyl trimethyl ammonium bromide,
3 g/L, Aladdin Reagents Company) was slowly
added into the mixture, and then the mixture was
kept at 90 °C for 1 h. The addition of CTAB is to
control the resulting Y03 morphology into a
spherical shape [19]. After being washed with
deionized water and alcohol thrice, the precipitate
was collected and dried for 12 h at 80 °C and then
calcined in vacuum at 800°C for 4h. Y,0;
nanospheres with small size of 105 nm were
obtained and named as 105-SY,0;. When the
hydrothermal time was increased up to 12 h, Y,03
nanospheres with large size of 322 nm can be
gained and named as 322-SY,0s.

To prepare Y,Os nanorods, Y(NOs3)3-6H,O
(5.8 g) and NH3-H,O (adjusting pH value to 9) were
mixed in 20 mL water by magnetically stirring for
0.5 h, and then the mixture reacted at 120 °C for 6 h.

The precipitate was collected after being
centrifuged and washed thrice with alcohol and
water, respectively and then annealed at 800 °C for
4 h. Consequently, Y>O3 nanorods were obtained
and denoted as RY»0Os.

Mo powders were prepared by a traditional
two-step hydrogen reduction method, in which
(NH4)6M07024-4H,0 (purity of 99.9%, Jinduicheng
Molybdenum Industry Group, China) was firstly
calcined at 400 °C for 60 min to obtain MoQs, then
reduced by H; at 550 °C for 60 min to obtain MoOs.
Finally, MoO, was reduced at 900 °C for 60 min to
produce pure Mo powders.

2.2 Sintering

The prepared Mo and 1 wt.% of various Y»03
powders (322-SY»03, RY,0; and 105-SY,03) were
mixed uniformly with a planetary mixer at a
ball-to-material mass ratio of 20:1 for 14 h, and
then suppressed in a mold (40 mm in diameter)
under 200 MPa for 60s. The sintering was
conducted in a high temperature hydrogen box
furnace (KSL—1700X, Hefei Kejing Company,
China). The specific sintering process is shown in
Fig. 1. Finally, various sintered billets were
collected and denoted as PMo, 322-SY,Os—Mo,
RY>03—Mo, and 105-SY,03—Mo, respectively.
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Fig. 1 Schematic diagram of sintering process

2.3 Characterization

The as-synthesized samples were characterized
by X-ray diffractometer (Rigaku D/Max 2500),
field emission scanning electron microscope
equipped with EDS (FESEM, SIRION200), and
field emission transmission electron microscope
(TEM, Tecnai G* 20), respectively. The density was
measured using a densitometer (DE—120 M). The
hardness was obtained by a microhardness tester
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(HVS—1000) with 300 g for 10 s. The mechanical
performance was evaluated using universal testing
machine (Instron 8802) at room temperature with
loading rate of 1 mm/min. The shape and dimension
for tensile and compressive tests are those in
Ref. [20].

3 Results

3.1 XRD patterns and microstructures of
prepared Mo and Y03 powders
The XRD patterns of the obtained powders are
shown in Fig.2. Obviously, the prepared Mo
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powder is well indexed to pure Mo (PDF No.
42-1120) and highly crystallized (Fig.2(a)). The
XRD patterns of the synthesized Y,0; are presented
in Fig. 2(b), and all the -characteristic peaks
correspond to pure Y,0s3 (PDF No. 83-0927).

The prepared Mo powders are polygonal with
obvious interface, and present relatively uniform
particle size distribution with an average size of
500 nm, as shown in Fig.3(a). Figures 3(b—d)
display SEM images of the obtained Y»Ojs particles.

It can be seen that the 105-SY,0; particles are
relatively uniform in size and perfectly spherical
with an average size of 105 nm (Fig. 3(b)). With
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Fig. 2 XRD patterns of synthesized Mo (a) and various Y03 powders (b)

Fig. 3 SEM images of prepared powders: (a) Mo; (b) 105-SY»0s3; (¢) 322-SY,03; (d) RY,03
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elongated reaction duration, larger spherical
particles can be collected with an average size
of 322 nm, which are named as 322-SY,0;, as
revealed in Fig. 3(c). Besides, the SEM image of
RY»0; demonstrates the one-dimensional structures
with an average length of 115 nm, as presented in
Fig. 3(d).

3.2 Microstructures and properties of sintered
billets
After being sintered at 1600 °C for 3 h,
compact billets can be obtained, and the
corresponding SEM images are presented in Fig. 4.
It can be found that PMo has more pores than the
Mo—Y»0; alloys, indicating smaller density.

Moreover, the average grain size of the PMo is
much larger than those of Mo—Y»0; alloys,
demonstrating that the addition of Y,0s can inhibit
the migration of GBs, effectively refining the grains
and improving the shrinkage rate and relative
density [3].

The shrinkage rate and relative density of the
synthesized PMo and various Mo—Y»03 alloys are
compared in Fig. 5(a). It can be seen that the
shrinkage rates of PMo, 322-SY,0;—Mo, RY,0s3—
Mo, and 105-SY,03—Mo alloys are 0.19%, 0.21%,
0.23%, and 0.25%, respectively. All the samples
show satisfied relative density over 95%, and the
addition of Y,Os further promotes the densification,
leading to larger relative density. And the
105-SY»03—Mo presents the largest relative density
of 97.55%. The grain size and hardness are
compared in Fig. 5(b), in which the grain size of
PMo is about 10.6 um, while those of 322-SY,0;—
Mo, RY>03—Mo, and 105-SY,03;—Mo alloys are 8.5,
7.1, and 6.1 um, respectively, indicating that the
105-SY»0; exhibits the best grain refinement effect.
Evidently, the presence of Y,0; can effectively
reduce the particle size of Mo originating from
the migration resistance of GBs, which is consistent
with the analysis of Fig. 4. Furthermore, the
hardness of Mo alloys is also enlarged due to the
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Fig. 5 Properties of PMo and various Mo—Y»03; alloys: (a) Shrinkage rate and relative density; (b) Grain size and

hardness; (c) Tensile strength; (d) Compressive strength

addition of Y03, and the 105-SY,0s—Mo exhibits
the largest value of HV 274.6, increasing about
22.6% than that of PMo (HV 224). Moreover,
Figs. 5(c) and (d) display the tensile and compressive
strengths, respectively. We can see that the
105-SY,035—Mo presents the largest tensile strength
of 283.6 MPa, much larger than that of PMo
(197.2 MPa) with an increase of about 43.8%.
However, the 322-SY,03;—Mo and RY>03—Mo only
exhibit tensile strengths of 213.6 and 243.6 MPa
with smaller increase of 8.3% and 23.5%,
respectively. Meanwhile, the compressive strength
follows the same trend as the tensile strength, and
the compressive strength of 105-SY,03—Mo is also
the highest (1563.0 MPa). Obviously, the addition
of Y»0s can significantly enhance the mechanical
properties of PMo, and the corresponding shape and
size also play a crucial role in the strengthening

effect.

To clarify the possible fracture mechanism, the
fracture morphology of various samples is also
captured and shown in Fig. 6. For sintered PMo
billets, the grains are relatively clean but coarse,
and a large number of pores have vanished with
fully grown sintering neck, forming partially
closed pores, which indicates that the closed
pore spheroidization and shrinking stage have
been finished [21-23]. Evidently, the fracture
mode of PMo is intergranular without any
dimples. For various sintered Mo—Y»0; billets,
Y,03; particles can be clearly seen in the
intracrystalline and intercrystalline of Mo grains.
Although the fracture mode remains intergranular,
the fracture is no longer smooth, and there are a
few dimples and a tendency of transgranular
fracture [24,25].
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Fig. 6 Fracture morphologies of various samples: (a) PMo; (b) 322-SY,03—Mo; (¢) RY203—Mo; (d) 105-SY,0s—Mo

4 Discussion

The sintering procedure prompts the growth of
sintering necks and crystals, the closing or
vanishing of pores among particles, which is
primarily mediated by surface, interface and
volume diffusion [21-23]. All the atoms inside the
grains take their own intrinsic position without
damaging the chemical bond, but the outer surface
of the grain is free and full of damaged chemical
bonds, which determines the free surface energy.
The greater the surface energy of crystal grains is,
the larger the diffusivity is. When the second phase
particles are minified, the corresponding surface
area will increase and a higher breaking bond
density and surface energy will be obtained [26]. A
larger curvature radius can promote the sintering
process, which means that when the second phase
particles are smaller, larger curvature gradient and

specific surface area can be obtained, as well as the
broken bond density and surface energy, which would
certainly accelerate the sintering procedure [3], as
shown in the following equation [3,13]:

o=yk = y[i + i]
Rl R2

where ¢ is the sintering driving force, y is the
surface energy of particles, & is the curvature, and
Ry and R, are the radii of the particles, respectively.
In the interface diffusion procedure, the sintering
driving force competes with extra surface energy
resulting from submerging the second phase.
Smaller particles mean lower extra surface energy
and require only a shorter diffusion distance
to swallow the second phase particles in the
matrix [26,27]. Consequently, nano-scale second
phase particles prefer to get inside the grains. To
give direct evidence, TEM images of sintered billets
are given in Fig. 7, and we can see that the second
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phase particles in 105-SY203—Mo are primarily
intragranular (Figs. 7(a) and (b)), whereas Y,0;
particles in the 322-SY,03;—Mo alloy are mainly
located at the grain boundaries, as revealed in
Fig. 7(c). To provide a clear comparison, the
distribution statistic results of second phase
particles are obtained from the TEM images, as
shown in Fig. 8. And we can infer that the critical
particle size of the second phase is around 200 nm,
and second phase particles with larger size prefer
the intergranular distribution.

Intragranular second phase particles could
interact with dislocations before the intergranular
ones, increasing the resistance of dislocation
migration to form dislocation loops (Fig. 7(a)) or
change moving direction (Fig. 7(b)), which can
cause dislocation pinning to prevent the
dislocations from strong sliding field, accumulate
and form microcracks at GBs. More importantly,
because of the effective adsorption of Y03 on
impurities [10], the second phase particles can
significantly reduce impurity segregation at GBs,
thereby improving the GB binding force. As
a result, the strengthening effect of 105-SY,03—Mo
is superior to that of 322-SY,03—Mo due to
smaller particle size of second phase (Fig.5).
While, coarser second phase particles and diffused
GBs create greater force during the interface

105-SY,0; particles

diffusion process, causing second phase particles to
move with the GBs together and eventually meet at
the interfaces. However, because of the weak
bonding force of GBs and the accumulation of
dislocations, the second phase located at GBs
is more likely to produce microcracks in the
strong slip field [2,5,6], which is also revealed in
Fig. 7(c).

Considering the fact that the particle size of
105-SY,0; is close to that of RY,03;—Mo (around
100 nm), it is possible to directly compare and
discuss their shape effects on the performances of
Mo—Y,0s alloys by ignoring the slight difference in
the particle size. When spherical Y,O; particles
interact with dislocations, dislocation loops
(Fig. 7(a)) exist around them or bypass the second
phase by changing the expansion direction
(Fig. 7(b)). The interaction between the particles
and dislocations behaves similarly to that of
spherical Y»O3; when the Y»>0; nanorods have
relatively small aspect ratio. However, Y»0;
particles with larger aspect ratio (Fig. 7(d)) are
easily cut or broken because of their sharp edges
and corners, and the dislocations pass through them
under shear stress, and continue to slip without
changing direction [20]. When Y,O3 particles
interact with stacking faults, they are more prone to
produce stress concentration and microcracks.

05-8Y,0; particles

RY,0; particles

C

200 nm

Fig. 7 TEM images of 105-SY>03—Mo (a, b), 322-SY»,03—Mo (c), and RY,03—Mo (d)
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5 Conclusions

(1) The shape and size of Y.O; particles can be
successfully controlled, and spherical particles with
an average diameter of 105 nm have preferred
strengthening effect.

(2) Smaller particle size of the second phase
results in dominant intragranular distribution, and
the critical size is about 200 nm.

(3) The shape and particle size of second phase
play an important role in the determination of
mechanical properties, and the latter is more
important.

(4) The 105-SY,03—Mo alloy exhibits the
largest tensile strength which is enhanced by about
51.5% compared with that of pure Mo, much higher
than that of 322-SY,03—Mo (8.3%). Meanwhile,
with similar second phase particle size (around
100 nm), the spherical shape leads to better
strengthening effect than the rod-like one
(RY203—Mo, 23.5%).

(5) The nanostructuring strategy of second
phase could remarkably increase the tensile strength
because of more intragranular distribution, which is
highly effective and can be adopted in other
dispersion reinforcing alloys.
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