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a b s t r a c t

To further strengthen the Ti70Nb10Mo10Zr10 alloy (denoted as TI70 alloy) with a single BCC solid solution
microstructure, two-scale silicide reinforcements were successfully tailored by adding 1 at.%, 2 at.% and
4 at.% Si element during powder metallurgy process (denoted as TI70-Six alloys). The nano-scale S1-type
(Ti,Zr)5Si3 silicides were precipitated and distributed dispersively at grain interior to provide dispersion
strengthening effect, while the nano-scale and micro-scale S2-type (Ti,Zr)6Si3 silicides were distributed
at the grain boundaries and formed a novel network microstructure which could prohibit grain growth
and enhance grain boundary strengthening effect. The TI70-Six alloys strengthened by the two-scale
silicides exhibited remarkable strength enhancement not only at ambient temperature but also at
high temperatures. The compressive yield and fracture strengths of the TI70-Si4 alloy were increased to
1550.4 MPa and 2002.5 MPa at ambient temperature. Moreover, the TI70-Si4 alloy exhibited ultrahigh
yield strengths of 1048 MPa and 437 MPa at 600 �C and 800 �C, which were increased by 61.1% and 111.2%
compared with TI70 alloy, respectively. The superior strengths can be mainly attributed to the coordi-
nated strengthening mechanisms of two-scale silicide reinforcements and novel network microstructure.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Titanium has been honored as “the future metal” due to its low
density, high strength, excellent corrosion resistance as well as
many other desirable properties, and has been widely used in
modern society, such as the aerospace, automotive and medical
industries [1,2]. Among all the titanium-based materials, b�Ti al-
loys have shown desirable mechanical properties and oxidation
resistance and been applied in many aircraft components, such as
airframes and engine nozzles [3,4]. Under such an application
background, it is essential to further enhance the strength, espe-
cially high-temperature strength. Recently, many achievements
have been made to improve the room-temperature strength and
ductility, such as modifying the grain morphology by plastic
deformation and heat treatment [5], metastability-engineering
ce and Engineering, Harbin

.

[6e9], and thermal-induced and deformation-induced dispersive
u-phase [10e13]. These strengthening methods, however, would
no longer be effective at high-temperatures due to the metastable
characteristic. It is reported that the u-phase precipitated from the
metastable b-Ti alloys would decompose and transform into HCP-
structured a-phase and BCC-structured b-phase and then would
not serve as strengthening phase. Multiple studies have shown that
the u-phase can only be stable at temperatures below
300 �Ce500 �C depending on the chemical composition of titanium
alloys [12,14e17]. To improve the high-temperature strength,
thermally stable second phases are necessary to provide
strengthening effect. It has been widely reported that introducing
ceramic phases as reinforcements is an effective method in
enhancing the room- and high-temperature strengths of titanium
and other alloys [18e23]. Through this method, a vast amount of
achievement has been made in strengthening titanium alloys,
mainly the a�Ti alloys [24e28], aþb�Ti alloys [18,19,29,30] and
only a few attempts in further strengthening the b-Ti alloys
[31e33]. In these researches on b-Ti alloys, the primary goal was to
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Fig. 1. XRD patterns of the mixed powders, ball-milled powders after different dura-
tions, and the as-sintered TI70 alloy and TI70-Si2 alloy. The inset shows a detailed XRD
pattern of the TI70-Si2 alloy with a 2 theta range of 35�e42� .
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enhance the room-temperature mechanical properties, the
strength and strengthening mechanism at high-temperatures are
still lacking.

Recently more and more studies indicate that silicide particles
such as Ti5Si3, (Ti,M)5Si3 (M ¼ Zr, Hf, etc) and (Ti,Zr)6Si3
[18,20,34e37], can also serve as excellent reinforcement to improve
the mechanical properties at room- and high-temperature.
Considering the desirable features of the novel b-Ti alloys and the
improvement that the silicide particles could bring, it is of great
significance that the silicide particles strengthening b-alloys being
studied systemically to be a novel method to further enhance the b-
Ti alloys.

In this study, silicide strengthened b-Ti alloys were designed and
fabricated by ball milling and hot-pressing sintering using cp-Ti
powders, b-stabilizer element powders and MoSi2 powders as
raw materials. The composition of the alloying elements was
designed with the reference of the Bo-Md diagramwhich has been
a useful tool for modifying the alloy composition to achieve the
microstructure as desired [38]. Bo is the bond order that represents
the strength of the covalent bond between Ti and an alloying
element. Md is the metal d-orbital energy level of an alloying
element. In this case, the chemical composition was chosen to be
Ti70Nb10Mo10Zr10 (denoted as TI70) of which the Bo-Md value lies
in the beta region. According to the available TieSi binary phase
diagram and TieZreSi, TieNbeSi, TieMoeSi ternary phase dia-
grams [39e42], the solubility of Si in the TI70 alloy was reasonably
deduced to be between 1 at.% and 2 at.% at 1300 �C, thus the Si
additions were chosen as 1 at.% 2 at.% and 4 at.% to attain different
silicide reinforcements in the TI70 alloy for comparative studies. By
adding different amounts of Si element in the TI70 alloy, two-scale
silicide reinforcement microstructures were successfully archi-
tected in the silicides strengthened TI70 alloys (denoted as TI70-
Six): (1) precipitated nano-scale S2-type (Ti,Zr)6Si3 silicides
distributed at the grain boundaries, S1-type (Ti,Zr)5Si3 silicides
distributed dispersively inside the grains, and (2) in-situ formed
micro-scale S2-type (Ti,Zr)6Si3 silicides distributed at the grain
boundaries. Significant strength enhancement has been achieved at
room- and high-temperatures by the coordinated strengthening
effect of the two-scale silicide reinforcements. Moreover, the
microstructure evolution mechanism and strengthening mecha-
nism are discussed.

2. Experimental procedures

The chemical composition of the matrix alloy was designed to
be Ti70Nb10Mo10Zr10 (atomic percentage). High purity (>99.9%)
spherical titanium powder with a mean diameter of 100 mm, high
purity (>99.9%) angular niobium powder with a mean diameter of
5 mm, high purity (>99.9%) angular molybdenum powder with a
mean diameter of 5 mm, and high purity (>99.9%) angular zirco-
nium powder with a mean diameter of 45 mm were used as raw
materials. The Si element was added byMoSi2 powder with a mean
diameter of less than 3 mm. The powders were put into stainless
steel vails according to the designed composition with a ball-to-
powder weight ratio of 10:1. The vails were vacuumed and filled
with high purity argon multiple times to avoid oxidation and
contamination during the ball milling process. Ball milling process
was carried out on a planetary ball milling machine at 250 rpm for
10 h with an interval break of 3 h. The mixed powders were then
put into a graphite mold and hot-pressing sintered at 1300 �C for
1.5 h with a 40MPa uniaxial pressure applied. The sintering process
was carried out in a vacuum of 10�2 Pa.

The scanning electron microscopy (SEM) observation and elec-
tron backscattered diffraction (EBSD) characterization were carried
out on a ZEISS SUPRA 55 SEM. The wavelength dispersive X-ray
spectroscopy (WDS) analysis was carried out on a JEOL JXA-8230
electron probe microanalyzer (EMPA). Transmission electron mi-
croscopy (TEM) characterization was carried out on the FEI Talos
F200X TEM operated at a voltage of 200 kV and equipped with the
Super-X energy dispersive X-ray spectrometer (EDS). The EBSD
samples were prepared by mechanical grinding and electro-
polishing using a mixture of the 60 vol% methanol 36 vol% normal
butanol and 4 vol% perchloric acid as the electrolyte. The TEM
samples were mechanical ground and punched into 40 mm-thick
discs with a diameter of 3 mm, then the discs were ion milled on a
GATAN PIPS II MODEL 695 ion milling machine to electron trans-
parent. Young’s moduli of TI70-Six alloys were obtained by the
dynamic resonance method according to the ASTM E1876 standard
[43], using 3 mm � 4 mm � 35 mm bar-like samples. Uniaxial
compression tests at ambient temperature and high temperatures
were carried out on the INSTRON 5569 universal test machine with
a strain rate of 10�2/s using cylinder samples with a diameter of
6 mm and a height of 9 mm. 5 samples of each kind of material
were tested to ensure the reliability and the representative strain-
stress curves were shown in this paper.
3. Results

3.1. Microstructure characterization

Fig. 1 shows the XRD patterns evolution through the TI70-Six
alloys manufacturing process, which showed that the diffraction
intensity of elemental powders decreased and the FWHM (full
width at half maximum) increased as the ball milling prolonged.
That is to say, the grain size of the raw material powders decreased
due to the severe deformation induced by ball milling. However,
mechanical alloying was not fully achieved since diffraction peaks
of all the elemental powders could still be detected. It should be
noted that the diffraction peaks of the MoSi2 powder were not
apparent in the mixed powder and ball-milled powder due to the
minor content. The XRD patterns of the as-sintered TI70 alloy
demonstrates that interdiffusion of the elemental powders has
taken place so that a single BCC phase was formed. In addition to
the matrix BCC phase, S1-type silicide and S2-type silicide could
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also be detected in the TI70-Si2 alloy as shown in the inset of Fig. 1.
Fig. 2a)ed) show the microstructures of the TI70 and TI70-Six

alloys. The TI70 alloy exhibited a uniform, single-phase
morphology after sintering, which is consistent with the XRD
result, while the TI70-Six alloys showed multi-phase microstruc-
tureswith different silicides (high-magnification SEM images of the
silicides are shown in Fig. 2e)eg)) distributed at the boundaries and
the interior of the TI70 grains. The chemical composition and
element distribution of the TI70-Six alloys were examined by the
WDS. The chemical composition of the as-sintered TI70 alloy is
listed in Table 1, and the element distribution of the TI70-Si2 alloy
are shown in Fig. 2 h)-l) as a representative. After ball milling and
hot-pressing sintering, the Ti, Zr, Nb and Mo elements distributed
relatively homogeneously in the matrix, the precipitates contain Ti,
Zr, and Si, indicating that MoSi2 decomposed and Si element
reacted with Ti and Zr elements in the alloy and TieZreSi silicides
was formed. As demonstrated in Fig. 2, there are two kinds of sil-
icides in the TI70-Six alloys, classified by the distribution, one is the
silicides at the grain boundaries (denoted as boundary-silicide) to
form a network microstructure, the other one is the silicides
dispersed inside the TI70 matrix (denoted as dispersion-silicide).
As the Si addition increased, not only the volume fraction of the
silicides increased but also the change of morphology could be
observed. When the Si addition was relatively low (x ¼ 1),
boundary-silicides with the mean width of 0.14 mm and homoge-
neously distributed dispersion-silicides with a mean width of
0.34 mm were formed. When the Si addition increased to a higher
concentration (x � 2), another kind of particle-like boundary-sili-
cides with a mean diameter of 2.34 mm was observed. The distri-
bution of the microsized boundary-silicides was relatively
heterogeneous, and silicide-rich regions and silicide-lean regions
can be observed. Thus, the two-scale silicide reinforcements were
Fig. 2. Microstructures of the TI70 and TI70-Six alloys shown by SEM images (aed), high-m
maps with the black line showing the grain boundaries (insets of a-d). Elemental distribut
successfully architected: nanosized boundary- and dispersion-
silicide, and microsized boundary-silicide. To evaluate the grain
morphology of the TI70 and the TI70-Six alloys, EBSD band contrast
maps are shown in the insets of Fig. 2a)ed). The as-sintered TI70
alloy exhibited a relatively equiaxed grain morphology with amean
grain size of 76 mm. Si addition slightly reduced the grain size to
66 mm for TI70-Si1 and 51.2 mm for TI70-Si2, as the Si addition
increased to x ¼ 4, a bimodal grain size morphology was formed
with the relatively coarse grains (46 mm) at the silicide-lean region,
fine grains (7.5 mm) at the silicide-rich region, and the overall
average grain size of 14 mm.

TEM characterizations were carried out on the TI70-Si2 alloy
which contains all kinds of silicides observed in the TI70-Six alloys.
TEM-EDS mapping and quantified point analysis provided more
detailed and accurate chemical compositions of the silicides in the
TI70-Si2 alloy, as shown in Fig. 3 and Table 1. Both the boundary-
silicide (including the nanosized and the microsized) and the
dispersion-silicide consist of mainly Ti, Zr and Si elements with a
minor concentration of Nb and Mo. The chemical compositions of
the nanosized and microsized boundary-silicide are the same with
each other, but different from the dispersion-silicide. The bright-
field images and corresponding selected area electron diffraction
patterns are presented in Fig. 4. The TI70 matrix shows a single-
phase BCC lattice structure with a lattice constant of a ¼ 3.32 Å,
which is consistent with the XRD result. The nanosized dispersion-
silicide distributed inside the TI70 grain exhibited a hexagonal
lattice structure with the lattice constants of a ¼ 7.61 Å and
c ¼ 5.45 Å and orientation relationships (ORs) with the BCC TI70
matrix that are: [0 0 0 1]silicide//[1 1 1]TI70 and {1 0 1 0}silicide//{1 1
0}TI70. The nanosized and the microsized boundary-silicide
exhibited the same hexagonal lattice structure with the same lat-
tice constants of a ¼ 6.93 Å, c ¼ 3.78 Å but different orientation
agnification SEM images of different kinds of silicides (eeg), and EBSD band contrast
ion of the TI70-Si2 alloy shown by the EPMA-WDS mappings (hel).



Table 1
Chemical compositions of the as-sintered TI70 alloy and the silicides in the TI70-Si2 alloy.

Ti (at.%) Zr (at.%) Si (at.%) Nb (at.%) Mo (at.%)

TI70 alloy 71.56 9.24 e 10.14 9.06
Matrix alloy 70.44 8.99 0.2 10.97 9.40
Nanosized dispersion-silicide 26.48 28.07 37.01 2.91 5.54
Nanosized boundary-silicide 34.70 24.76 32.54 2.98 5.01
Microsized boundary-silicide 34.10 24.99 33.20 2.96 4.75

Fig. 3. HAADF images and EDS mappings of the silicides in the TI70-Si2 alloy: a)-f) nanosized dispersion-silicide, g)-l) nanosized boundary-silicide, m)-r) microsized boundary-
silicide.
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relationships, the nanosized boundary-silicide showed multiple
ORs with the TI70 matrix that are: {1 0 1 0}silicide//{1 1 0}TI70, [24
23]silicide//[1 1 1]TI70 and [12 1 6]silicide//[1 1 3]TI70, while the
microsized boundary-silicide showed ambiguous ORs with the
matrix, that are: [0 0 0 1]silicide//[0 0 1]TI70, {1 2 3 0}silicide//{110}TI70,
and {1 21 0}silicide//{0 0 2}TI70. According to the HRTEM images, the
interfaces between the matrix and all the silicides are clean and no
interface reaction could be observed. Combined with the chemical
composition acquired by EDS, it can be determined that the
dispersion-silicide is an S1-type (Ti,Zr)5Si3 silicide, while the
boundary-silicide is an S2-type (Ti,Zr)6Si3 silicide, and both contain
a similar concentration of Mo and Nb.

As shown above, most of the silicides were characterized to be
the S2-type silicide. Considering that the densities of the two kinds
of silicides are similar (5.52 g/cm3 for the S2-type silicide and
5.54 g/cm3 for the S1-type silicide), the volume fraction of silicide
was calculated assuming that all the silicides were the S2-silicide,
and the calculated results are shown in Table 2.
3.2. Mechanical properties

To reveal the influence of the two-scale silicide reinforcements
on the mechanical properties of the TI70-Six alloys, uniaxial
compression tests and Young’s modulus tests at ambient temper-
ature were carried out on the TI-70 and TI70-Six alloys. As shown in
Fig. 5, the TI70 alloy exhibited a compression yield strength of
1159.7MPa, a fracture strength of 1960.1 MPa, and a plastic strain to
fracture of 29% (the strain of the elastic stage was subtracted from
the total strain). When the Si addition was relatively low (x ¼ 1)
that only nanosized dispersion- and boundary-silicides were
formed in the TI70 alloy, the yield strength and fracture strength
increased to 1268.4 MPa and 1981.2 MPa with only a slight loss of
ductility (plastic strain to fracture of 25%). When the Si addition
reached 2 at.% that the microsized boundary-silicides were formed,
the yield strength and the fracture strengthen increased signifi-
cantly to 1416.6MPa and 2011.5MPa. As the Si addition increased to
4 at.% when more microsized boundary-silicides were formed, the
yield strength and fracture strength increased to1550.4 MPa and
2002.5 MPa. Although the microsized boundary-silicide could lead
to a more markedly strengthening effect, it also caused more
ductility compromise (the plastic strain to fracture of 21% and 15%
for TI70-Si2 and TI70-Si4, respectively). The Young’s moduli of the
TI70-Six alloys tested by dynamic resonance method are shown in
the inset of Fig. 5, which were 100.1 ± 1.9 GPa, 101.3 ± 1.9 GPa,
103.7 ± 1.9 GPa and 110.4 ± 2 GPa for the TI70, TI70-Si1, TI70-Si2,
and TI70-Si4 respectively, indicating that the microsized boundary-
silicides could enhance the elastic properties more effectively in
comparison to the nanosized silicides.

The high-temperature mechanical properties of the TI70 alloy
and TI70-Six alloys were tested by high-temperature compression
tests at 600 �C and 800 �C. Fig. 6 a) shows the representative
compression true strain-stress curves of the TI70 alloy and TI70-Six



Fig. 4. TEM characterization of the matrix and silicides in the TI70-Si2 alloy: bright-field image, selected area electron diffraction, HRTEM images and corresponding fast Fourier
transformation of a)-d) nanosized dispersion-silicide, e)-h) nanosized boundary-silicide, i)-l) microsized boundary-silicide, respectively.

Table 2
The nominal volume fraction of silicides in the TI70-Six alloys.

TI70-Six alloys Volume fraction

TI70-Si1 2.6%
TI70-Si2 5.2%
TI70-Si4 10.4%

Table 3
Compressive yield strength at ambient temperature, 600 �C, and 800 �C.

Alloys sy ðMPaÞ Ambient temperature 600 �C 800 �C

TI70 1159.7 629.7 196.2
TI70-Si1 1268.4 682.6 219.2
TI70-Si2 1416.6 783.6 286.2
TI70-Si4 1550.4 1014.6 414.3

S. Jiang et al. / Journal of Alloys and Compounds 835 (2020) 155255 5
alloys at 600 �C consist of a hardening stage where the stress
increased rapidly and a stable stage where the stress decreased
gradually, unstable fracture only happened on the TI70-Si4 alloy. At
800 �C, the compressive true strain-stress curves are consist of
three stages, that are a hardening stage where the stress increased
steeply, a softening stagewhere the stress decreased drastically and
a stable stage where the stress decreased gradually as shown in
Fig. 6 b), none of the TI70 alloy and TI70-Six alloys had suffered an
unstable fracture. The strength enhancement brought by the sili-
cides at high temperature was more marked than that at ambient
temperature as can be seen in Table 3. Especially when the Si
addition was relatively high (for TI70-Si4), the yield strengths
increased by 61.1% at 600 �C and 111.2% at 800 �C.
4. Discussion

4.1. Microstructure evolution mechanism of the TI70-Six alloys

The TI70 alloy and TI70-Six alloys were designed and fabricated
by ball milling the elemental and MoSi2 powders and hot-pressing
sintering. As a new material synthesizing method, powder metal-
lurgy has many advantages compared to other traditional methods.
The schematic diagram of the preparation process of the TI70-Six
alloys is presented in Fig. 7. Instead of long-time homogenizing
treatment at high temperatures, the uniform distribution of the



Fig. 5. Compressive stress-strain curves of the TI70 alloy and TI70-Six alloys with the
inset showing the Young’s modulus of the TI70-Six alloys measured by dynamic
resonance method.
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elements was achieved by the ball milling process and solid-state
interdiffusion of the raw materials, at a relatively lower tempera-
ture, which could alleviate the grain coarsening to some extent. As
a result, the powder-metallurgy-fabricated TI70 alloy exhibited a
relatively finer grain size (~76 mm) and relatively uniform element
distribution in comparison with those of titanium alloys and other
high entropy alloys fabricated by arc-melting methods (normally
hundreds of micrometers) [44e47], and further lead to more
desirable mechanical properties.

To further enhance the TI70 alloy, two-scale silicides reinforced
TI70 matrix alloys were fabricated by adding MoSi2 in the mixed
powders. According to the phase diagram and multiple experi-
mental verifications, at 1300 �C, the addedMoSi2 would decompose
and dissolve into Ti along with the Nb, Mo and Zr elements to form
a BCC structure (Ti, Nb, Mo, Zr, Si) solid solution [48e52]. The sol-
ubility of Si decreased gradually when cooled down to ambient
temperature, the Si atoms would precipitate with the Ti and Zr
atoms in the form of the S1-type (Ti,Zr)5Si3 silicide that prefers to
Fig. 6. High-temperature compressive true stress-strain curves of the
form coherently inside the grain and the S2-type (Ti,Zr)6Si3 silicide
that prefers to form at the grain boundaries. When the Si addition
surpassed the solubility at the sintering temperature, the in-situ
reaction between the undissolved MoSi2 and the BCC solid solu-
tionwould take place to form themicrosized S2-type silicides at the
grain boundaries. Due to the different forming mechanism, the
silicides exhibited different ORs, but it can be deduced that the {1
0 1 0} planes of the silicides tend to grow along the {11 0} planes of
the BCC grains. The nanosized silicides were mainly precipitated
during the cooling stage that could only make little contribution to
the refinement of the grain size, therefore the grain size only
reduced slightly when the addition of Si was low. The micro-sized
silicides, on the other hand, was formed during the heating and
sintering process, could effectively inhibit the grain growth, as a
result, ultrafine grains were formed at the silicide-rich area. By
tuning the Si addition of the TI70-Six alloys, two-scale silicide re-
inforcements were successfully architected through in-situ reaction
and precipitation to provide grain boundary strengthening and
dispersion strengthening.

Comparing to the traditional reinforcing phases in the b-Ti al-
loys, the two-scale silicide reinforcements could not only provide
room-temperature strengthening but also could bring significant
enhancement of high-temperature strengths. Firstly, according to
the phase diagrams, both the S1 and S2 silicides are thermally
stable at a temperature as high as 1100 �C, which is more than
enough to enhance the high-temperature properties of Ti alloys.
Secondly, the microsized and nanosized boundary-silicides formed
a network structure at the grain boundaries, which has been re-
ported to be able to remarkably improve the high-temperature
strengthens of Ti alloys by inhibiting the grain boundary soft-
ening [21]. What is more, the thermal stability is controllable by
modifying the solid solubility of Si that is corresponding to the
chemical composition of the matrix alloy, which could extend this
material designing method to other promising high-temperature
materials such as refractory high entropy alloys.

4.2. Strengthening mechanisms of the two-scale silicides and
network microstructure

As mentioned before, the silicides strengthened TI70 alloy
significantly enhanced the yield strength of the TI70 alloy, espe-
cially at high temperatures. It is essential to reveal the
TI70 alloy and TI70-Six alloys tested at: a) 600 �C and b) 800 �C.



Fig. 7. Schematic illustration of the preparation process and two-scale silicide reinforcements formation of the TI70-Six alloys.
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strengthening mechanisms of the two-scale silicides and network
microstructure of the TI70-Six alloys to guide the designing of high-
performance materials in the future.
4.2.1. Room-temperature strengthening mechanism
According to the reported moduli of TieSi silicides, the silicides

in the TI70-Six alloys could be roughly estimated to be around
200 GPa [53,54] and could enhance the elastic properties of the
TI70 alloy. As discussed by Huang et al. [21,55], the influence of
second phase distribution could be a great influence factor of the
moduli of the isotropic alloys, which can be estimated by the
Hashin-Shtrikman (HeS) equations [56,57]. When the Si addition is
low, only the nanosized silicides precipitated in the TI70 alloy. Even
though the nanosized boundary-silicides could form a network
microstructure, due to the small size, the overall silicide distribu-
tion is relatively homogenous, which according to Huang, is not an
optimal reinforcement distribution that could only achieve the
elastic properties near the lower bound of the HeS equations.
Hence, the modulus enhancement brought by the nanosized sili-
cides is relatively insignificant. As the Si addition increased, the in-
situ formed microsized boundary-silicides increased the volume
fraction of the boundary-silicides dramatically and forms an overall
network microstructure that the “soft”matrix is surrounded by the
“hard” silicides, which could achieve the best modulus enhance-
ment to the upper bound of the HeS equations. As a result, the
modulus increased much more remarkably by the microsized
boundary-silicides than that when the nanosized silicides.

As mentioned above in section 3.1, the formation of silicides
could reduce the grain size of the TI70 alloy, which could provide a
certain amount of strengthening effect according to the Hall-Petch
equation [58,59]:

sy ¼ s0 þ kyd �1
2 (1)

where sy is the yield strength of polycrystalline materials, s0 is the
friction stress of the single crystal, ky is the coefficient which is
related to the critical stress required for the plastic deformation to
trespass the grain boundary into the adjacent grain, and d repre-
sents the grain size. According to equation (1), the strength
enhancement (sy1 � sy2) brought by the grain refinement is mainly
determined by the coefficient ky and the grain size decrease (d�

1
2

1 �
d
�1

2
2 ). According to the reported research articles, the ky of the b-Ti

alloys ranged from 0.19 to as high as 0.55 MPa,m
1
2[60e63]. In this

case, the grain refinement is relatively insignificant which could
only make little contribution to the strengthening of the TI70 alloy
unless the Si addition is so high that the bimodal grain size
morphology could be formed.

To further reveal the deformation mechanism and the second
phase strengthening mechanism of the TI70-Six alloys, the
deformed microstructure of the TI70 alloy and TI70-Si2 alloy with a
true strain of 10% were observed by SEM. As can be seen in Fig. 8,
themain plastic deformationmechanism of the TI70 alloy and TI70-
Si2 alloy is dislocation slipping as clear slip bands can be observed
in the deformed alloys. Comparing Fig. 8a) and b), the slip bands in
the TI70-Si2 alloy are wavier than those in the TI70 alloy due to the
cross slip. More detailed micrographs of the cross slip are shown in
Fig. 8c) and d), indicating that cross slip in the TI70-Si2 alloy was
more likely to happen when encountered the silicides. Some of the
slip bands were able to propagate across the grain boundary into



Fig. 8. SEM micrographs of the TI70 alloy and TI70-Si2 after a true strain of 10%: a) TI-70 alloy, b) TI70-Si2 alloys, c) and d), the more detailed image showing the slip band deflection
in the TI70-Si2 alloys, e) and f) TEM bright-field images showing the interaction between the boundary-silicide and dispersion silicide, respectively.
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the adjacent grain, and cross slipped when encountered the
boundary-silicides as well. Under TEM observation of the deformed
TI70-Si2 alloy, dislocationwas found piled up at both the boundary-
silicides and dispersion-silicides, indicating that the silicides could
effectively hinder the dislocation movement and result in strength
enhancement. Due to the stress accumulation caused by the
dislocation pile-up, stacking fault of silicide was observed and yet
no cracks at the silicide/matrix interface were formed, which im-
plies that the silicides could efficiently provide the load-
transferring effect.

The nanosized dispersion-silicides that distributed homoge-
neously inside the grain could provide dispersion strengthening
effect. The silicides have much higher shear moduli (approximately
95 GPa) than the TI70 alloy (approximately 39 GPa), the disloca-
tions cannot penetrate the dispersion-silicides which was affirmed
in Fig. 8, thus the dislocations would be hindered and accumulated.
The dispersion strengthening effect could be described by
AshbyeOrowan relationship [64]:

DsOrowan ¼
0:13Gmb

l
, ln

r
b

(2)

where Gm and b denote the shear modulus and burgers vector of
the matrix, respectively, r is the radius of the particle and l is the
spacing between the particles which could be estimated according
to:

lz2r

2
64
�

1
2VP

�1
3

� 1

3
75 (3)

where Vp is the volume fraction of the particles. In this case, l can be
estimated using the Vp value of the TI70-Si1 alloy of which the
silicide distribution was rather homogeneous. Thus, the strength
enhancement by the dispersion-silicides is calculated to be 46 MPa,
which is relatively insignificant, mainly due to the low shear
modulus of the matrix alloy and the large size of the dispersion-
silicides. It should be noted that due to the dispersion-silicides
the dislocation could distribute evenly rather than accumulated
at grain boundaries, which could help improve the uniform
deformation. Therefore, there was only little loss of ductility of the
TI70-Si1 alloy. The boundary-silicides, on the other hand, distrib-
uted as a network structure that could hinder the deformation
propagation into the adjacent grain and thereby increase the
deformation resistance of the matrix alloy. However, the grain
boundary strengthening effect of the nanosized boundary-silicides
is limited as the stress-induced stacking fault could be observed in
Fig. 8 e). The microsized boundary-silicides with much bigger sizes,
by contrast, could be able to bear much more load and lead to a
better strengthening effect. Thus, much more significant strength
enhancement was observed. Generally speaking, introducing high
fractions hard reinforcements in alloys would drastically deterio-
rate the ductility which is well known as “the strength-ductility
trade-off”. In the TI70-Six alloys, most of the silicides were nano-
sized and microsized boundary-silicides which distributed
discontinuously around the matrix grains and formed a network
structure. This novel reinforcement distribution could effectively
enhance the strength of the alloys and at the same time allowing
the ductile matrix to deform to sustain the strain. In this way, the
crack formed at the grain boundaries would be blunted and
deflected. Hence, the “the strength-ductility trade-off” of the TI70-
Six alloys was successfully alleviated.

As shown in Table 1, besides the silicides, there was approxi-
mately 0.2 at.% exited in the matrix in the form of solid solute. For
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the substitutional solid solution atoms, the atomic radius difference
between the atoms could cause lattice distortion which leads to a
solid solution strengthening. However, the atomic fraction of the
solid solute Si was so low that its strengthening effect could be
neglected.
4.2.2. High-temperature strengthening mechanism
The strength enhancement brought by the two-scale silicides

and the network microstructure is more markedly at high tem-
peratures as the yield strengths of the TI70-Si4 alloy at 600 �C and
800 �C were elevated by 61.1% and 111.2% compared to the TI70
alloy, respectively. The shape of the true strain-stress curves indi-
cated that the main flow softening mechanism was dynamic
recrystallization. To further reveal the deformation and strength-
ening mechanism, EBSD analysis was carried out on the com-
pressed samples of TI70 alloy, TI70-Si2 alloy and TI70-Si4 alloy
deformed at 800 �Cwith a true strain of 50% (thewhite unidentified
area denotes the silicides). The EBSD IPF maps and corresponding
KAM (kernel average misorientation) maps are shown in Fig. 9. For
the TI70 alloy, the local misorientation near the grain boundaries is
significantly higher than that inside the grain, which means that
dislocations tend to accumulate at the grain boundaries due to the
dislocation pile-up and grain boundary sliding. For the TI70-Si2
alloy and TI70-Si4 alloy, on the other hand, besides at the grain
boundaries like the TI70 alloy, high local misorientation could also
be observed inside the grain, mainly at the dispersion-silicides,
indicating a more uniformly dislocation distribution. Recrystal-
lized fine grains could be observed distributing at the high dislo-
cation density areas in the TI70 alloys and the TI70-Si2 and TI70-Si4
alloys, which is consistent with the shape of the dynamic-
recrystallization-type compression true stress-strain curves.

As discussed above, at high temperatures, the silicide re-
inforcements have remarkable influences on the mechanical be-
haviors. The nanosized dispersion-silicides served as the
dislocation pinning points which could greatly increase the dislo-
cation density and improve the work hardening of the alloys and
the nanosized boundary-silicides could prevent the dislocations
Fig. 9. EBSD IPF maps (aec) and KAM maps (def) of the high-temperature compress
from propagating across the grain boundaries, as a result, the
strength was improved in the same way as the room-temperature
strengthening. However, as is known to all, the high-temperature
deformation mechanism of crystalline materials is different from
that at room-temperature, that the grain boundary softening could
make the deformation much easier at the grain boundaries. The in-
situ reacted microsized boundary-silicides formed at the grain
boundaries as a network microstructure could effectively enhance
the grain boundaries by the pinning effect, and lead to a remarkable
strengthening effect at high temperatures.

As discussed above, significant strength enhancement of the b-
type TI70 alloy has been achieved by two-scale silicide re-
inforcements and the network microstructure at ambient and high
temperatures. Unlike the typical strengthening mechanism, u-
phase precipitation and stress-induced phase transformation in the
metastable b-Ti alloys, silicides are thermally stable to provide
strengthening effect at high temperatures. Findings in this study
not only could broaden the application of the b-type titanium alloys
but also have great potential in improving the strength, especially
high-temperature strength, of other materials, such as refractory
complex concentrated alloys [45].
5. Conclusions

(1) Two-scale silicide reinforcements were successfully archi-
tected via introducing 1 at.%, 2 at.% and 4 at.% Si element into
the TI70 alloy during powder metallurgy process. The nano-
scale S1-type (Ti,Zr)5Si3 silicides were precipitated and
distributed dispersively at grain interior, while the nano-
scale and micro-scale S2-type (Ti,Zr)6Si3 silicides were
distributed at the grain boundaries and formed a novel
network microstructure.

(2) The TI70-Six alloys with two-scale silicide reinforcements
and the novel network microstructure exhibited not only
remarkable strength improvement but also excellent
ductility at ambient temperature. Moreover, high-
temperature strengths were also significantly enhanced.
ed sample: a) and d) TI70 alloy, b) and e) TI70-Si2 alloy, c) and f) TI70-Si4 alloy.
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(3) The compressive yield and ultimate fracture strengths of the
TI70-Si4 alloys with bimodal grain size can be increased to
1550.4 MPa and 2002.5 MPa at ambient temperature, while
the strengthened alloys exhibited extraordinary strengths of
1048 MPa and 437 MPa at 600 �C and 800 �C, which is un-
precedentedly increased by 61.1% and 111.2% compared with
TI70 alloys, respectively.

(4) The superior strengthening effects can be mainly attributed
to the coordinate strengthening mechanisms: intragranular
nano-scale (Ti,Zr)5Si3 silicides can play an important role in
the dispersion strengthening by hindering dislocation
movement inside b-Ti grains, while network distributed
nano- and micro-scale (Ti,Zr)6Si3 silicides at grain boundary
can prohibit grain growth and significantly enhance grain
boundary strengthening effect, especially at high tempera-
tures. Besides, the novel network reinforcement distribution
could effectively alleviate the ductility loss.
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