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In situ Nd2O3/Ti–6Si (wt.%) alloy composites were synthesized utilizing the reaction from Ti, Si, Nd and
SiO2 through homogeneously melting in a non-consumable vacuum arc melting furnace. The XRD results
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show that the composites clearly contain �-Ti, �-Ti, Ti5Si3 and the in situ synthesized Nd2O3 reinforce-
ments. The continuous and quasi-continuous network-shape Ti5Si3 + Ti eutectic cells abundantly exist,
and Nd2O3 grows from near-equiaxed shape to dendritic shape with increase of Nd content in the compos-
ites. From the investigations on compressive properties of composites, it is deduced that the significant
improvement in modulus and strength can be attributed to the presence of abundant Nd2O3 in the
-ray diffraction
canning electron microscopy

composites.

. Introduction

Ti–Si alloys have been considered for potential high-
emperature structural applications because of their physical,
hemical and mechanical properties, such as high melting point,
xidation resistance and excellent specific strength [1–3]. As
he reinforcement in Ti–Si alloys, the hard brittle phase Ti5Si3
ompound with a complex D88 hexagonal structure (Mn5Si3-type,
= 0.7444 nm, c = 0.5143 nm) has high melting point, low density,
ood oxidation resistance and creep resistance. Therefore, this
ntermetallic can significantly improve the mechanical properties
f the Ti–Si alloys [4–8].

In recent years, different in situ techniques have attracted
ore attention as a method to prepare discontinuous–reinforced

itanium matrix composites (TMCs) because of the ease of fabrica-
ion, lower cost, and isotropic properties. Usually, self-propagation
igh-temperature synthesis (SHS) [9,10], powder metallurgy (PM)
11], mechanical alloying (MA) [12,13], rapid solidification pow-
er processing (RSP) [14,15] and casting [16,17] have been used
o produce titanium matrix composites by in situ processing tech-
iques. The rare earth oxide (RE2O3) formed by in situ technique
as proved to be valuable to increase the mechanical properties

ue to the fine size of the dispersion and their high thermal sta-
ility in the titanium matrix. For instance, Geng et al. [17,18] and
ang et al. [19] have reported that in situ synthesized RE2O3

einforcements (La2O3, Y2O3 or Nd2O3) together with TiB parti-
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cles, which were prepared by the common casting method, can
significantly improve the tensile strength of titanium matrix com-
posites.

In the present work, Nd2O3/Ti–6Si (wt.%) alloy composites were
in situ synthesized utilizing the reaction between Ti, Si, Nd and SiO2
through the following reaction:

4Nd + 3SiO2 = 2Nd2O3 + 3Si (1)

5Ti + 3Si = Ti5Si3 (2)

In the composites, the phases and microstructure were exam-
ined, at the same time, the compressive properties at room
temperature were studied and the fractography was discussed.

2. Experimental procedure

In synthesizing Nd2O3/Ti–6Si (wt.%) alloy composites, the raw materials were
pure sponge titanium (>99.9%), pure Si (>99.9%), pure Nd (>99.9%) and SiO2 pow-
der (>99.9%). The weight percentage of the reactants and the theoretical weight
percentage of the products were listed in Table 1. Stoichiometric amounts of raw
materials were blended and melted in a non-consumable vacuum arc melting fur-
nace. To minimize compositional segregation and inhomogeneity, the ingots were
turned over and remelted six times.

The phase components of all specimens were analyzed by the X-ray diffrac-
tion (XRD) experiment on a Rigaku D/Max 2500 V diffractometer operated at 40 kV,
250 mA, employing Cu K� radiation as filtered by a graphite monochromator. For
the microstructural analysis, the metallographic samples were prepared using con-
ventional grinding and mechanical polishing techniques. The polished samples were
etched in an erodent with composition of HF:HNO3:Water = 1:2:6 (ratio by volume).

The optical images were obtained in the DMM-660C optical microscopy and the
Hitachi S-3400 scanning electron microscope (SEM) equipped with energy disper-
sive X-ray analysis (EDX). Compression tests were performed on Instron 8801 axial
servohydraulic dynamic testing system. The compression specimens with the size
of 5 mm × 5 mm × 10 mm were cut from the buttons by electric discharge machin-
ing (EDM), and then deformed to failure at room temperature in air at an initial

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zyzmatres@yahoo.com.cn
dx.doi.org/10.1016/j.jallcom.2009.08.071
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Table 1
Compositions of in situ Nd2O3/Ti–6Si (wt.%) alloy composites.

Samples Reactants (wt.%) Reinforcement
Nd2O3 (wt.%)

Ti Si Nd SiO2

1 94.0 6 0 0 0
2 84.6 4.148 8.574 2.678 10
3 81.78 3.592 11.146 3.482 13
4 78.96 3.036 13.718 4.286 16

s
s

3

3

t
T

Fig. 1. X-ray diffraction patterns of all samples.

train rate of 1 mm/min. Moreover, the fracture surfaces were characterized using
canning electron microscope (SEM).

. Results and discussions
.1. Microstructure

X-ray diffraction patterns of all samples are shown in Fig. 1. From
he XRD pattern of sample 1, three different phases, namely �-Ti,
i5Si3 and �-Ti, are found in the Ti–6Si alloy. However, the phase

Fig. 3. Optical microstructures of all samples: (a) sam
Fig. 2. The calculation results of Gibbs free energy (�G).

component of the other samples contains obviously �-Ti, Ti5Si3, �-
Ti and Nd2O3. The results of the XRD analysis confirm that Ti–6Si
alloy composites reinforced by in situ Nd2O3 particles can be syn-
thesized utilizing the reaction between Ti, Si, Nd and SiO2 during
the melting process. The Gibbs free energy (�G) of reactions (1)
and (2) has also been calculated by using the thermodynamic data
from Ref. [20]. The result indicates that the Gibbs free energy of
the two reactions is negative, so the formation of the Nd2O3 and
Ti5Si3 phases directly from the reaction between Ti, Si, Nd and SiO2
is favorable in thermodynamics, as is shown in Fig. 2.

Optical micrographs of the composites are presented in Fig. 3.
In the microstructure of the sample 1 (Fig. 3a), Ti5Si3 particles dis-
tributed in the Ti matrix form the continuous and quasi-continuous

network-shape eutectic cells. However, in the optical micrographs
of the other samples, it is clearly shown that Nd2O3 reinforcements
were in situ synthesized in the Ti–6Si alloy besides the Ti + Ti5Si3
eutectic cells, as is shown in Fig. 3b, c and d. In those compos-

ple 1; (b) sample 2; (c) sample 3; (d) sample 4.
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modulus (34,340–38,390 MPa) and ultimate compressive strength
(1538–1607 MPa) of Nd2O3/Ti–6Si composites are significantly
higher than that of Ti–6Si alloy (E: 29,110 MPa, UCS: 1436 MPa).
However, the fracture strain of Nd2O3/Ti–6Si alloy composites is

Table 2
Compressive properties of each sample.

Samples E (MPa) UCS (MPa) ε (%)

1 29,110 1436 22.02
2 38,390 1572 12.87
3 34,340 1607 13.35
4 35,770 1538 10.32
ig. 4. SEM-BSE micrographs of the sample 2 and sample 4: (a) the morphologies a
oundary marked region in Fig. 3a; (c) the morphologies and distribution of Nd2O3

n Fig. 3c.

tes, the morphologies of the Nd2O3 reinforcements exhibit two
hapes: dendritic and near-equiaxed shape. In order to distinguish
he characteristics of Ti5Si3 and Nd2O3, the backscattered electron
canning microscopy was used to further examine the microstruc-
ure, as shown in Fig. 4. Since the atomic number of Nd (atomic
umber: 60) is much higher than those of Ti (atomic number: 22)
nd Si (atomic number: 14), Nd2O3 reinforcements exhibit more
hite in the backscattered SEM image. From Fig. 4, the dendritic

nd near-equiaxed shape Nd2O3 reinforcements were observed,
t the same time, it can be seen that the abundant Ti5Si3 parti-
les exist in the eutectic cell. Furthermore, the content of dendritic
hape Nd2O3 reinforcement is increased when the weight percent
f Nd2O3 increases.

The coarse primary RE2O3 particles can been formed due to the
igh addition amount of rare earth metals and the high chemi-
al activity and the low melting point of pure rare earth metals
18,21,22]. In this work, the melting point of sponge titanium
1943 K) is higher than Nd (1283 K), so the rare earth metal Nd
ould melt before sponge titanium and react with oxygen result-
ng in formation of coarse primary Nd2O3 particles. Moreover, the

eight percentage of Nd in the composites was more than 8.5 wt.%.
n addition, when the melt cooled, Nd2O3 particles will precipitate
rst since Nd2O3 has a higher melting point (2272 ◦C) than Ti5Si3
2130 ◦C). As a result, the solid Nd2O3 particles in the melt can sup-
ly heterogeneous nucleation sites for subsequent formation of the
i5Si3 phases from the melt before the solidification of the matrix
lloy.

.2. Compressive properties
Fig. 5 shows the representative stress–strain curves of the
ompression behavior at room temperature for all the sam-
les. Furthermore, the compressive properties including Young’s
odulus (E), ultimate compressive strength (UCS) and fracture

train (ε) of both Ti–6Si alloy and Nd2O3/Ti–6Si alloy composites
stribution of Nd2O3 reinforcements in the sample 2; (b) a magnified view of white
rcements in the sample 4; (d) a magnified view of white boundary marked region

tested at room temperature are shown in Table 2. The measure-
ment errors are below 5%. According to Table 2, the Young’s
Fig. 5. Compression stress–strain curves of all the samples at room temperature.
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Fig. 6. SEM images of fractured surfaces for the compressiv

pproximately reduced by 50%. It can be concluded that in situ syn-
hesis of Nd2O3 reinforcements significantly increased the strength
f Ti–6Si alloy, while the plasticity decreased correspondingly.

As is discussed above, the introduction of in situ Nd2O3 particles
an significantly improve the compressive strength and Young’s
odulus of Ti–6Si alloy. Hard Nd2O3 and Ti5Si3 particles in the

omposites act as the obstacles to hinder the motion of disloca-
ions. It is because that a dislocation passing into the near grains
r dendrites of different orientations has to change its direction of
otion. Meanwhile, the atomic disorder within a boundary region
ill result in a discontinuity of slip planes from one to the other.

urthermore, the interaction of different dislocation areas also
ontributes to the improvement of the compressive strength and
oung’s modulus. Consequently, the strengthening mechanisms
f the composites may be mainly attributed to the load transfer
rom the soft matrix onto the hard reinforcements and dispersion
trengthening from the finer Nd2O3 reinforcements.

According to Refs. [18,19,23], the strength of the
article–reinforced composites can usually be calculated
pproximately as:

≈ fTi�Ti + fTi5Si3 �Ti5Si3 + fNd2O3
�Nd2O3

here fTi, fTi5Si3 and fNd2O3
are the contents of the titanium matrix,

i5Si3 and Nd2O3, respectively, while �Ti, �Ti5Si3 and �Nd2O3
are the

ompressive strengths of the titanium matrix, Ti5Si3 and Nd2O3,
espectively. It is well known that Nd2O3 is the hard ceramic par-
icle, which has higher strength comparing with the soft titanium

atrix. Therefore, the dispersed Nd2O3 ceramic particles improve
he compressive strength of the Ti–6Si alloy.

Fig. 6 shows the typical SEM micrographs of the fractured sur-

aces for the compressive sample. All of the materials show the
rittle cleavage fracture characteristic on a macroscopic scale. The
ractured surface of Ti–6Si alloy shows smooth and flat surface, and
he cleavage facet of Ti5Si3 particles and the tiny avulsion edges
re shown in Fig. 6a. However, the Nd2O3/Ti–6Si alloy compos-
ples: (a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4.

ites are characterized by coarse cleavage facets compared with
that of Ti–6Si alloy, as is shown in Fig. 6b, c and d. Furthermore,
some pulled out Nd2O3 particles are found on the fractured sur-
face, where a crack propagates through the Ti5Si3/matrix interface.
The cracked Nd2O3 particles were observed indicating that they
could undertake load during compression test.

4. Conclusion

In situ Nd2O3/Ti–6Si (wt.%) alloy composites can been synthe-
sized utilizing the reaction between Ti, Si, Nd and SiO2 through
homogeneously melting in a non-consumable vacuum arc melting
furnace.

The reinforcements were homogeneously distributed in the
composites. The continuous and quasi-continuous network-shape
Ti5Si3 + Ti eutectic cell abundantly exist in those composites, and
Nd2O3 grows from near-equiaxed shape to dendritic shape with
increase of Nd content. The Nd2O3 particles in the melt can sup-
ply heterogeneous nucleation sites for subsequent formation of the
Ti5Si3 phase from the melt, before the solidification of the matrix
alloy.

The compressive strength and the Young’s modulus of
Nd2O3/Ti–6Si alloy composites are superior to those of Ti–6Si alloy.
However, the ductility of the composites is decreased comparing
with that of Ti–6Si alloy. The strengthening mechanisms of the
composites can be mainly attributed to the undertaking load of the
Nd2O3 reinforcements.
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