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Abstract: Porous Ti-Si-Mo intermetallic compounds were
fabricated by reactive synthesis using C7H10N2O2S as a
foaming agent. The effects ofMo content on themicrostruc-
ture, phase composition and oxidation behavior were in-
vestigated. The results show that the porosity and the frac-
tal dimension decreases and then increases as the Mo con-
tent increases. It is found that the pore size is mainly dis-
tributed in less than 1µm. The phase compositions mainly
consist of TiSi, Ti5Si4, Mo5Si3 and TiO, and the Ti5Si3
phase is detected at Mo content of 16 wt.% in particular. In
addition, the mass gain of the oxidized samples gradually
decreases as the Mo content increases. It is concluded that
the oxidation resistance at high-temperature generally de-
creases as the fractal dimension increases. It is suggested
that porous Ti-Si-Mo intermetallic compounds have poten-
tial applications in sound absorption and heat dissipation
at high-temperature.

Keywords:porousTi-Si-Mo intermetallic compounds; reac-
tive synthesis; microstructure; phase composition; oxida-
tion resistance

1 Introduction
Porous materials with open pores possess many attrac-
tive properties such as lowweight, high permeability, high
thermal conductivity and high specific surface area and
have wide applications in sound absorption, heat dis-
sipation, filtration, separation and catalyst support be-
cause of the capillary structure of the open and small
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pores acting as fluid channels [1–3]. However, the appli-
cations of porous materials are relatively limited in ad-
verse environments, such as porous ceramics with brittle-
ness and poor weldability, porous metals with poor high-
temperature oxidation resistance and porous polymers
with poor aging resistance and high-temperature resis-
tance [4–6]. Carbon-carbon composites, superalloys and
intermetallic compounds are currently widely applied in
the high-temperature environment. Carbon-carbon com-
posites have restricted applications because of their poor
oxidation resistance [7]. The extreme working tempera-
ture of superalloys such as nickel-based alloys is approx-
imately 1523 K. By comparison, porous intermetallic com-
pounds show advantages of excellent oxidation resistance
and high working temperature [8]. Aluminides and metal
silicides are typical intermetallic compounds and have
been extensively investigated and applied. Al-based in-
termetallic compounds have low working temperatures
of 1173~1373 K to be used as high-temperature structural
materials because of their lower melting point [9]. How-
ever, refractory metal silicides are widely used as high-
temperature structural materials due to their excellent
performance at high-temperature. Ti-Si based intermetal-
lic compounds have lower density and Mo-Si based inter-
metallic compounds have improved high-temperature oxi-
dation resistance in refractorymetal silicides [10, 11].More-
over, the addition of Mo could improve the mechanical
strength and room temperature plasticity of Ti-Si based
intermetallic compounds [12]. Burk et al. [13] synthesized
the intermetallic compound of Mo-37Si-40Ti (at.%) in or-
der to obtain nearly single-phase (Mo,Ti)5Si3. The inter-
metallic compoundMo-37Si-40Ti possessed superior high-
temperature oxidation resistance compared to both single-
phase Mo5Si3 and single-phase Ti5Si3 due to the forma-
tion of a protective SiO2-TiO2 duplex scale. It’s important
to consider the advantages of two kinds of metal silicides
in the integration and development of new porous Ti-Si-
Mo intermetallic compound materials. Yang et al. [14] es-
tablished the isothermal sections of the Mo-Si-Ti system to
describe the solid-state phase equilibrium. The thermody-

Unauthenticated
Download Date | 3/16/20 8:05 AM

https://doi.org/10.1515/htmp-2020-0022


Microstructure, phase composition and oxidation behavior of porous Ti-Si-Mo intermetallic compounds | 27

Figure 1: The SEM images of Ti-Si-Mo powder mixtures before and after ball milling: (a) Ti powders before ball milling; (b) Mo powders
before ball milling; (c) Si powders before ball milling; (d) Ti-Si-Mo powders after ball milling

namic modeling satisfactorily explained the available ex-
perimental observation, and two invariant reactions close
to the metal-rich region of the Mo-Si-Ti system, which are
important in developing high-temperature structural ma-
terials, were calculated from this thermodynamic model-
ing. Porous Ti-Si-Mo intermetallic compounds have the po-
tential for applications in high-temperature oxidative envi-
ronments.

Porous intermetallic compounds can be prepared by
powder metallurgy techniques, such as hot isostatic press-
ing, reactive synthesis, combustion synthesis, mechanical
alloying and thermal or plasma spraying. Reactive synthe-
sis and combustion synthesis have been applied to pre-
pare various intermetallic compound materials. Feng et
al. [15] produced porous titanium silicides with an open
porosity ranging from 17% to 55% by combustion synthe-
sis from elemental powders of Ti to Si in varying molar ra-
tios. It was concluded that the formation of pores result-
ing from themelting and flowof reactants or productswith
lowmelting points during the combustion process is an es-
pecially rapid synthesis process. Gao et al. [16] prepared
porous Fe-Al intermetallics with an open porosity of ap-
proximately 40% by the reactive synthesis of Fe and Al
elemental powders. The liquid Al reaction and the phase
transformation during sintering partly resulted in forming
pores.He et al. [17] fabricated Ti-Almicrometer/nanometer-
sized porous alloys with adjustable pore sizes ranging
from themicrometer to nanometer scale via the Kirkendall
effect, and the open porosity ranged from 40% to 60%.
Pore formation resulted from the Kirkendall effect due to
the different diffusion rates of different elements [18]. It
was concluded that the low diffusion rate of Mo atoms
in the Ti-Mo diffusion couples results in the formation
of pores [19]. Porous intermetallic compounds fabricated
by reactive synthesis and the Kirkendall effect possess
higher porosity and a wide pore size distribution range.
Hence, the reactive synthesis and Kirkendall effect have
advantages for the production of porous intermetallic com-
pounds.

In this paper, porous Ti-Si-Mo intermetallic com-
pounds are produced via reactive synthesis using
C7H10N2O2S as a foaming agent. This study will focus
on the porous structure and oxidation behavior. The ef-
fects of the Mo content on the microstructure and high-
temperature oxidation behavior were investigated.

2 Experimental

2.1 Material Preparation

The typical processing of porous Ti-Si-Mo intermetallic
compounds fabricated by reactive synthesis involved four
steps: ball milling, pressing, foaming and sintering. After
several attempts, titanium (200-300 mesh, 99.0% purity),
silicon (200 mesh, 99.9% purity) and molybdenum (200
mesh, 99.0% purity) elemental powders were mixed in
four different mass ratios: (a) Ti-8Si-12Mo, (b) Ti-8Si-14Mo,
(c) Ti-8Si-16Mo and (d) Ti-8Si-18Mo respectively, consider-
ing the forming performance during the sintering proce-
dure and various performances such as fracture toughness
of the sintered samples. The powder mixtures were high-
energy ball milled in a planetary ball mill in the air for
48 h using agate balls without milling media. The ball-to-
powder weight ratio was 10:1 and the speed of the plane-
tary ball mill was 500 r/min. The SEM images of Ti-Si-Mo
powder mixtures before and after ball milling, as shown
in Figure 1. It is can be seen that Ti-Mo-Si powders with
particle size in the range of submicron and micron scales
could be obtained by ballmillingwith Ti powderswith par-
ticle size of 50 µm, Mo powders with particle size of 5 µm
and Si powders with particle size in the range of 5 µm –
25 µm as raw materials. After adding 2 wt.% C7H10N2O2S
(>98.0% purity) with particle size of approximately 75 µm
into the powder mixtures as a foaming agent, the powder
mixtures were ball milled in the planetary ball mill for 30
min at the speed of 200 r/min to bemore uniform. The pow-
der mixtures were then cold-pressed into cylindrical com-

Unauthenticated
Download Date | 3/16/20 8:05 AM



28 | J. Ru et al.

Table 1:Microstructure and oxidation behavior of sintered samples with different Mo contents

Sample Porosity
(%)

Surface area
(m2·g−1)

Fractal dimension Average pore
diameters (nm)

Mass gain after oxidation for
100 h (g·m−2)

a 44.18 2.728 2.891 287.1 0.136
b 41.94 2.862 2.887 246.5 0.111
c 40.58 2.622 2.880 253.1 0.106
d 42.54 2.676 2.886 268.3 0.092

pacts with the size of Φ30×3 mm under 50~100 MPa pres-
sure. Before sintering, the compacts were dried at 383 K in
vacuum of 10−1 Pa for 2 h to remove C7H10N2O2S. Finally,
the green compacts were sintered at 1123 K for 2 h and then
at 1473 K for 4 h under a vacuum of 10−1 Pa with a heating
rate of 4 K/min throughout the sintering procedure.

2.2 Characterization

The microstructure of the sintered and oxidized samples
was observed using a scanning electron microscope (SEM,
JSM-IT300) operated at 10.0 kV. A Micromeritics’ AutoPore
IV 9510 automatic mercury porosimeter was employed to
characterize the porosity and pore size distribution. The
phase composition of the sintered and oxidized samples
was detected by a D8-Advance X-ray diffraction (XRD) with
a scanning angle of 20∘~90∘ and a scanning speed of
5∘/min. High-temperature oxidation behavior of the sam-
ples was tested in a Mu�e furnace at 1473 K for 100 h. The
mass gain of the oxidized samples was measured using an
electronic analytical balance every 20h. The fractal dimen-
sion was calculated by Eq. (1) [20].

D = 3 − ln ϵ/ ln(rmin/rmax) (1)

where ϵ is the porosity and, rmin and rmax are the smallest
and largest pore radius, respectively.

3 Result and discussions
Table 1 summarizes the pore structure and oxidation be-
havior of samples with different Mo contents. The open
porosity of the sintered samples decreases from 44.18% to
40.58% and then increases to 42.54% and the fractal di-
mension decreases from 2.891 to 2.880 and then increases
to 2.886 as the Mo content increases from 12 wt.% to 18
wt.%. The bcc Ti and bcc Mo are completely soluble above
882°C. However, the interdiffusion coefficients of the Ti-Mo
binary system decreased with Mo content increased [21].
Hence, the porosity of porous Ti-Si-Mo intermetallic com-

pounds decreased with Mo content increased. Meanwhile,
the content of Mo oxides in Ti-Si-Mo powder mixtures in-
creased with Mo content increased during ball milling.
Volatilization of Mo oxides led to the increase of porosity
when the Mo content is 18 wt.%. The pore size is mainly
distributed in less than 1 µm and the average pore diam-
eter of the sintered samples is very close, ranging from
merely 246.5 nm to 287.1 nm according to the results. It was
concluded that the pore sizes are larger while the porosity
is higher. The surface area which is needed to obtain re-
liable oxidation behavior has little difference and ranges
from 2.622 m2·g−1 to 2.862 m2·g−1. The mass gain gradu-
ally decreases from 0.136 g·m−2 to 0.092 g·m−2 after being
oxidized for 100 h as the content of Mo increases from 12
wt.% to 18 wt.%. It is found that the mass gain of porous
Ti-Si-Mo intermetallic compounds decreasedwith porosity
decreased from 44.18% to 40.58%. Lower porosity reduced
the oxygen intake and resulted in the decrease of mass
gain. Meanwhile, the stability of the oxides in porous Ti-
Si-Mo intermetallic compounds follows the trend of TiO2
> SiO2 > MoO3 > MoO2 according to standard free energy
(∆G∘). MoreMoO3 volatilized during the oxidation process
and themass gain of porous Ti-8Si-18Mo intermetallic com-
pounds continued to decrease. Hence, the mass gain of
porous Ti-8Si-18Mo was only 0.092 g·m−2 for more Mo ox-
ides volatilized during the oxidation process.

3.1 Microstructure and Pore Size
Distribution

The internal pore structure and pore size distribution of
porous Ti-Si-Mo intermetallic compounds fabricated by re-
active synthesis are shown in Figure 2. The samples con-
sisting of a few large pores and many small pores have
excellent complexity and connectivity. The distribution of
pores less than 1 µm is magnified, as shown in Figure 2a”-
d”. It is can be seen that the pore sizes of all samples are
mainly distributed from 200 nm to 400 nm. A small num-
ber of pores have a size of approximately 90 µmdue to the
decomposition of C7H10N2O2S with particles of approxi-
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Figure 2: SEMmorphologies and pore size distributions of sintered samples with different Mo contents: (a) 12 wt.%, (b) 14 wt.%, (c) 16
wt.%, (d) 18 wt.%

mately 75 µm. However, the pore size is mainly less than
1 µm because the powders became extremely fine (submi-
cron in size) after ball milling. During high-temperature
sintering, the generation of big pores (>1 µm) were prob-
ably due to stacking between particles with size of >1 µm
and the generation of small pores (>1 µm) were probably
due to the diffusion and reaction between Ti/Mo and Si. It
was concluded that the small pores were formed because
of the reaction between Ti /Mo and Si and the mutual dif-
fusion between the Ti and Mo particles. An abundance of
pores with sizes less than 1 µm could influence the proper-
ties of porous Ti-Si-Mo intermetallic compounds.

3.2 Phase Composition

The phase composition of the samples with different Mo
contents is shown inFigure 3. Itwas concluded that porous
Ti-Si-Mo intermetallic compounds fabricated by reactive
synthesis consist of Mo5Si3, TiSi, Ti5Si4, Ti5Si3 and TiO.
There are TiSi andMo5Si3 phases in all the samples. As the
Mo content in the powder mixtures increased, the Ti5Si4
phase was formed. In particular, the Ti5Si3 phase was
detected at Mo content of 16 wt.%. In addition, a small
amount of titanium oxide was formed due to the unavoid-
able presence of oxygen during the ball milling and sin-
tering procedure, and the titanium oxides could have an
effect on the oxidation behavior for the sintered porous Ti-
Si-Mo intermetallic compounds [22].

3.3 Oxidation Behavior

The microstructure, phase composition and mass gain
curve of the oxidized samples are shown in Figure 4. It was
found that the weight of each sample remains nearly sta-
ble after 20 h of oxidation. As the Mo content increased,
the mass gain gradually decreased from 0.136 g·m−2 to
0.092 g·m−2 after 100 h of oxidation. A continuous oxides
scale was formed at the oxide/air interface, and the oxi-
dized sample surface was basically covered with the TiO2
layer. The outward diffusion of Ti controlled the oxidation
rate at temperatures beyond 1173 K, and the external TiO2
layer originated from the substrate surface. The samples
were not oxidized further after 20 h due to the external
TiO2 layer. Particularly, the oxidized sample surface with
an Mo content of 16 wt.% consisted of a TiO2-SiO2 duplex
layer because the sample with an Mo content of 16 wt.%
was the only sample that did not contain the TiO phase
composition in all the sintered samples, as shown in Fig.
2. The inward diffusion of oxygen without the titanium ox-
ides was worse and it resulted in a TiO2-SiO2 duplex layer
underneath [23]. The microstructure has a slight effect on
the oxidation behavior because there is little difference
among the pore characteristics of the sintered samples,
such as porosity, pore size, surface area and fractal dimen-
sion. The oxidation weight of porous Ti-Si-Mo intermetal-
lic compounds with various Mo content oxidized at 1473
K decreased with increasing Mo content. It is supposed
that MoO3 volatilized during the oxidation process [24].
According to the Ti-Mo binary phase diagram [25], the Ti-
8Si-18Mo alloy is composed of β-Ti at 1473 K. The oxygen
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Figure 3: XRD patterns of sintered samples with different Mo contents: (a) 12 wt.%, (b) 14 wt.%, (c) 16 wt.%, (d) 18 wt.%

solid-solubility of β-Ti is only 4% [26]. Hence, the oxida-
tion resistance of sintered samples increases with the in-
creasing of the Mo content. By comparison, the mass gain
of porous Ti-8Si-18Mo intermetallic compounds was only
approximately 4%of that of theporous 316 L stainless steel
after 100 h of oxidation [17]. In summary, porous Ti-Si-Mo
intermetallic compounds possess superior oxidation resis-
tance at high-temperature.

3.4 Fractal Dimension

The fractal dimension effectively characterizes the com-
plexity and connectivity of pores [27]. The larger the frac-
tal dimension, the more complex the spatial distribution
of the material’s pores [28]. The fractal dimension of sam-
ples with different Mo contents are shown in Table 1 ac-

cording to Eq. (1). The fractal dimension decreased from
2.891 to 2.880 and then increased to 2.886 as the Mo con-
tent increased. The large fractal dimension proves that the
pores of the samples have excellent complexity and con-
nectivity. It is concluded that the fractal dimension is con-
sistent with the porosity for the pore structures with the
approximate smallest and largest pore radius. In addition,
wider pore size distributions corresponded to larger fractal
dimensions when the porosity was constant. In addition,
the spatial filling capability is greater as the fractal dimen-
sion increases, which could have an effect on themass and
heat transfer performance. Itwas concluded that the oxida-
tion performance gradually declines as the fractal dimen-
sion increased in general because the fractal dimension is
higher and because, the area to be oxidized is larger. How-
ever, the sample with an Mo content of 18 wt.% did not
conform to this rule because of the evaporation of MoO3
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Figure 4: SEMmorphologies, XRD patterns and mass gain curves of samples with different Mo contents oxidized at 1473 K for 100 h: (a) 12
wt.%, (b) 14 wt.%, (c) 16 wt.%, (d) 18 wt.%

[13]. Thus, the Mo content has an impact on the oxidation
performance in addition to the microstructure.

4 Conclusions
In summary, porous Ti-Si-Mo intermetallic compounds
were successfully fabricated by the reactive synthesis with
C7H10N2O2S as a foaming agent. The porosity of the sam-
ples decreased from 44.18% to 40.58% and then increased
to 42.54% as the Mo content increased from 12 wt.% to18
wt.%. The pore size distribution was on submicron level,
and the average pore diameters were extremely small,
ranging from 246.5 nm to 287.1 nm. The fractal dimension
ranged from 2.880 to 2.891 indicating that the pores of
samples have excellent complexity and connectivity. The
phase compositions of the porous Ti-Si-Mo intermetallic
compounds mainly consisted of TiSi, Ti5Si4, Mo5Si3 and
TiO. The porous Ti-Si-Mo intermetallic compounds were
not oxidized any more after 20 h because the surface was
mainly covered with a continuous TiO2 layer. As the Mo
content increased from 12 wt.% to18 wt.%, the mass gain
of porous Ti-Si-Mo intermetallic compounds gradually de-

creased from 0.136 g·m−2 to 0.092 g·m−2 after oxidation at
1473 K for 100 h. In addition, the oxidation performance
gradually decreased as the fractal dimension increased.
Thus, porous Ti-Si-Mo intermetallic compounds possess
excellent oxidation at high temperature.
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