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Abstract

SiC-reinforced MoSi2 composites have been successfully prepared by in situ pressureless sintering from elemental powders of Mo, Si and C.

Meanwhile, the evolutions of the samples’ microstructure and phase at different temperatures were investigated by using X-ray diffraction (XRD) and

scanning electron microscopy (SEM) with an energy dispersive X-ray spectrometer (EDS). It can be seen that at the temperature of 1100 8C, the main

phases were Mo and Si, accompanying with a small amount of rich molybdenum products Mo5Si3 and Mo3Si. Then the main phases changed to MoSi2
and SiC when the sintering temperature reached 1300 8C. Finally we obtained MoSi2/SiC composites with well-dispersed SiC particles after sintering

at the temperature of 1550 8C for 120 min. The evolution of porosity in these composites fits the porosity reduction model well developed by Pines and

Bruck, which revealed the particle agglomeration in the composites. The flexural strength and fracture toughness of 10% SiC/MoSi2 composites were

up to 274.5 MPa and 5.5 MPa m1/2, increased by approximately 40.8% and 30.6% compared with those of monolithic MoSi2, respectively.
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1. Introduction

Molybdenum disilicide (MoSi2) is an attractive candidate

material for high temperature structural applications because of

its specific properties such as high melting point (2030 8C), rather

low density (6.28 g/cm3), high thermal conductivity, very good

oxidation resistance and corrosion resistance at high temperature

[1–3]. However, MoSi2 has its intrinsic limitation due to its low

ductility at low temperature (below about 1000 8C) and poor high

temperature creep strength. Thus, it is essential to increase the

room-temperature toughness and high-temperature strength for

practical application [4]. Fortunately, MoSi2 is thermodynami-

cally stable with a wide variety of potential ceramic reinforce-

ments, including SiC, Si3N4, ZrO2, Al2O3, mullite, TiB2, TiC, etc.

Thus many material researchers focused on the field of synthesis

and characterization of MoSi2 based composites [5,6]. It is proven

that compounding with a second phase or alloying with other

elements is a useful method to strengthen and toughen MoSi2.

Some significant improvements have been readily gained through

the addition of SiC to MoSi2 matrix [7,8].
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Although numerous attempts to introduce SiC phase into

MoSi2 have been done [9–16,4,17–19], only a limited number

of studies have addressed their introduction via in situ reactions,

and these studies were limited to the process preparation and

mechanical properties [12–16,4,17–19]. Because the reaction

between Mo and Si could generate large amount of heat,

resulting in some cracks on sintered sample or low-density

sample, these studies applied pressure during the sintering

process [16,4,17,19] or only experienced a reaction between Si

and C [15,18]. A significant advance can therefore be made in

MoSi2/SiC composite technology if the cost efficient method

pressureless reaction sintering can be developed. The essential

is to find a simple way to precisely control the heat during the

sintering process. In this work, we investigated in detail the

evolution of SiC/MoSi2 composites’ microstructure and phase

during the whole preparation cycle. Therefore a dense SiC

reinforced MoSi2 composite was obtained via pressureless

reaction sintering from Mo, Si and C powders.

2. Materials and methods

99% pure Mo powder with a particle size range 2–5 mm,

99.4% pure Si powder with an average size of 10 mm and 99.9%

pure carbon black with an average size of 6 mm were used as
d.
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Table 1

Compositions of starting powders (wt.%).

Samples Materials Mo Si C

MSC0 MoSi2 66.67 33.33 0

MSC1 MoSi2–5 vol.% SiC 61.41 37.80 0.79

MSC2 MoSi2–10 vol.% SiC 59.68 38.71 1.61

MSC3 MoSi2–20 vol.% SiC 55.17 41.38 3.45
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Fig. 2. XRD patterns of as-sintered samples.
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starting raw materials in this study. The samples were prepared

according to the compositions of 5, 10 and 20 vol.% SiC,

respectively, as listed in Table 1. The raw mixtures were ball-

milled for 3 h by using Si3N4 balls. Absolute ethanol was used

as the milling media. In order to obtain an agglomerate-free

powder mixture, the resultant slurry was dried in a vacuum

drying box at 120 8C for at least 4 h to ensure that the powders

were completely free of ethanol. The dried powders were then

sieved through a 200-mesh sieve. Then the as-mixed powders

were uniaxially pressed at 200 MPa. The pressed green

compacts were pressureless sintered in the vacuum furnace.

The variations of temperature and logarithm of gas pressure in

the furnace with increasing heating time during the processing

of Mo + Si + C system are shown in Fig. 1. An additional

monolithic MoSi2 sample was fabricated under identical

conditions.

The microstructures and morphologies of the samples

obtained at different temperatures were studied by using JSM-

6380LV scanning electron microscopy (SEM) with an energy

dispersive X-ray spectrometer (EDS). The phase compositions

were determined by X-ray diffraction (XRD) analyses of D/

MAX-RA, using Cu Ka radiation monochromatic in a

diffracted beam. The as-sintered samples were machined into

6 mm � 8 mm � 25 mm bars. The densities were measured by

the Archimedes method. The Vickers hardness (HV) and

fracture toughness (KIC) were measured on polished specimens

using Vicker’s diamond indenter under 98 N for 15 s. KIC

values were calculated by using the equation reported by Anstis

et al. [20]. The flexural strength was measured at room

temperature using the three-point bending test with a span

length of 20 mm and a cross-head speed of 0.5 mm/min.
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Fig. 1. Variations of temperature and logarithm of gas pressure in the furnace

with heating time during the processing of Mo + Si + C system.
3. Results and discussion

3.1. Characterization of as-sintered samples

Fig. 2 shows the XRD patterns of three samples sintered at the

temperature of 1550 8C for 120 min. It could be seen the samples

were mainly composed of MoSi2 and SiC phases. Besides the

mainly two phases, trace Mo5Si3 also can be observed. It could be

concluded that MoSi2 and SiC particles were formed during the

sintering process. Fig. 3 shows the fractured surfaces of (a)

MSC0, (b) MSC2 and (c) MSC3. In Fig. 3b and c, besides the

gray matrix phase, there are some small bright particulates. The

EDS results proved that the gray particles were probably MoSi2
and the small particles were SiC. From Fig. 2, it can be observed

that SiC particulates distributed homogeneously in the grain

boundaries among the MoSi2 particles.

3.2. Microstructure evolution

To study the evolution of SiC/MoSi2 composites’ micro-

structure and phases, we treated green MSC2 samples at

different temperatures of 800 8C, 1100 8C, 1200 8C, 1300 8C,

1450 8C and 1550 8C. The XRD patterns of the products are

shown in Fig. 4. The XRD pattern of the sample treated at

800 8C (Fig. 4b) was similar to that of the mixed raw powders

(Fig. 4a), which indicated that the powders did not react with

each other. As the temperature reached 1100 8C, although the

main phases were still Mo and Si, Mo5Si3 and Mo3Si diffraction

peaks were found (Fig. 4c). It was possible to start such

reactions as 3Mo + Si ! Mo3Si, 5Mo3Si + 4Si ! 3Mo5Si3
and 5Mo + 3Si ! Mo5Si3. However, the reaction speed of

solid Si and solid Mo was slow, thus many original powders

remained. At the temperature of 1200 8C, MoSi2 diffraction

peaks were found (Fig. 4d). These peaks got stronger and the

diffraction peaks of Mo5Si3 became weaker when the

temperature increased to 1300 8C and was kept for 60 min

(Fig. 4e), which attributed to the diffusion rate increased a lot at

this temperature, so it is easy to form stable phase (MoSi2)

than before. Therefore, it could be deduced that at this

temperature it was very likely to occur by such reactions as



Fig. 3. SEM micrographs of (a) MSC0 sample, (b) MSC2 sample and (c) MSC3 sample.
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5Mo3Si + 4Si ! 3Mo5Si3, Mo5Si3 + 7Si ! 5MoSi2, and

Mo + Si ! MoSi2. We could expect most MoSi2 was formed

directly from Mo and Si powders. At the same time, SiC was

also formed from Si and C powders. Thus we kept the sample

stayed at 1300 8C for 60 min before it came to the final
Fig. 4. XRD patterns of (a) milled powders of MSC2 and MSC2 samples at

different temperatures: (b) 800 8C, (c) 1100 8C, (d) 1200 8C, (e) 1300 8C, (f)

1450 8C and (g) 1550 8C ((&) Mo, (*) Si, ($) Mo5Si3, (!) Mo3Si, (~)

MoSi2, (^) SiO2, ( ) SiC).
densification stage, which could help the sample avoid the

diffusion rate increasing and generating large amount of heat

from the reaction among the mixture in a very short time.

Moreover, the gas absorbed by mixed powders also had enough

time to escape from the sample. After that, the reactions among

mixed powders were almost completed, which can be proven

that the XRD patterns of the MSC2 sample at 1450 8C (Fig. 4f)

and 1550 8C (Fig. 4g) were similar as that at 1300 8C (Fig. 4e).

Fig. 5 shows the microstructures of the samples sintered at the

temperature of (a) 1100 8C, (b) 1300 8C and (c) 1450 8C. From

Fig. 5a, we could find that the powders still remained at their

original status. In Fig. 5b, besides the gray matrix phase, there

were some small bright particulates. The EDS results proved that

point A were probably MoSi2 and point B were SiC and C. The

porosity and the distance between the inter-particles were large at

this stage. In Fig. 5c, similarly, besides the gray matrix phase,

there were some small bright particulates and dark phase. The

difference is that the sample had sintered completely with very

low porosity. The EDS results proved that point E were probably

MoSi2, point D were SiC, point C were SiO2 and C. This

indicated C did not reduce SiO2 at the temperature of 1450 8C
completely. From Figs. 4 and 5c, we can conclude that MoSi2 was

mainly formed by the direct reaction of Si and Mo because only a

small amount of Mo5Si3 was found. We cannot see SiC

diffraction peaks in Fig. 4d and e, which may attribute to that the

amount of SiC was less at this temperature.

After having been sintered at 1550 8C for 120 min, the

diffraction peaks of SiC can be observed and the diffraction

peaks of Mo5Si3 still exist (Fig. 4). We cannot observe the

diffraction peaks of SiO2. The amount of SiO2 should have been



Fig. 5. SEM micrographs of MSC2 samples sintering at (a) 1100 8C, (b) 1300 8C and (c) 1450 8C.

Table 2

Initial, final, and theoretical maximum density values for composites sintered to

1550 8C.

vol.% SiC ri (g/cm3) rf (g/cm3) rTMD (g/cm3)

0 2.688 4.942 6.28

5 2.667 4.665 6.13

10 2.961 5.558 5.97

20 2.376 3.572 5.67
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reduced as C reacted with SiO2 to produce the SiC phase, which

should affect mechanical properties by removing the brittle, grain-

boundary SiO2 phase. Comparing Figs. 3b and 5c, we could

observe that the grain size of MSC2 sintering at 1550 8C was

larger than that of MSC2 sintering at 1450 8C, which indicated that

as the sintering temperature increased, grain size grew rapidly. It

can also be observed that the holes in MSC2 that sintering at

1550 8C was larger than that of MSC2 which sintering at 1450 8C,

which indicated that when C reduced SiO2, the generated gas CO

evaporated, resulting in large holes. From Fig. 1 we can see that the

pressure increased obviously when the temperature exceeded

1300 8C, which illustrated that at that moment gas generated. In

addition, from Fig. 5b, it can be observed that SiC particles were

agglomerate. This may owe to the reaction mechanism between Si

and C in which the diffusive mode played a dominant role. C

particles were so light that their products which synthesized with

molten Si were easy to make agglomerations. Actually, in other

synthesis methods of SiC/MoSi2 composites, this phenomenon

commonly took place as well.

3.3. Modeling of the porosity reduction

Pines and Bruck have developed two porosity reduction

models which proposed to describe the evolution of shrinkage

and porosity for particle-reinforced metal-ceramic composites

in gradient architectures [21]. The first model assumes all

porosity is associated with the matrix while the second model

assumes some portion of the porosity is also associated with the

agglomeration of the particle reinforcement. In this paper, the

theoretical final porosity values of these samples were
calculated by using the two models. In our composites, SiC

is the reinforcing phase, MoSi2 is the matrix material. Because

MoSi2 and SiC formed completely at the temperature of

1300 8C, and samples’ volume had almost no changes, the

density of the sample obtained at 1300 8C was used as the initial

density. The calculated densities are shown in Table 2. The

porosity values were calculated as follows:

P ¼ rtheoretical � r

rtheoretical

(1)

The porosity values are given in Table 3.

The value of Pf for the first model was calculated as follows:

P f ¼ 1 � vmatrix f
ð1 þ v�Þ (2)

v� ¼ vSiC

1 � vSiC

(3)

The value of Pf for the second model was calculated as follows:

P f ¼ ðnmatrixÞ f

Ppure

1 � Ppure

� �
final

þ
ððnporosityÞparticle

Þ
i

ðnmatrixÞi

" #
(4)



Table 3

Initial and final porosities for each composition sintered to 1550 8C.

vol.% SiC Pi (%) Pf (%)

0 0.572 0.213

5 0.565 0.239

10 0.504 0.069

20 0.581 0.37
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Fig. 7. Plot of the calculated difference in porosity between initial and final

values from the measured values and the two theoretical porosity reduction

models.

Table 4

Relative density and mechanical properties of sintered samples.

Materials Relative

density (%)

Flexural

strength

(MPa)

Vicker’s

hardness

(GPa)

Fracture

toughness

(MPa m1/2)

MoSi2 78.7 97.75 0.871 –

MSC1 76.1 180.4 2.826 –

MSC2 93.1 274.5 8.843 5.5

MSC3 63.0 151.0 1.785 –

MoSi2 [9] 96.5 195 8.84 4.21
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3.4. Comparison of porosity reduction measurements and

models’ predictions

The experimental porosity measurements are shown in Fig. 6,

along with the results from both of the models. As can be seen,

both of the two theoretical estimates show similar trends and the

second model allowing for porosity associated with particle

agglomeration provides a much better estimation of the porosity.

Fig. 7 shows the differences between the initial and final

porosity (i.e., porosity reduction) for the actual and theoretical

porosity values. The second porosity model provides a much

better estimation of closer results compared with the porosity

measured in the composites, which indicates there is a

contribution to the porosity of the specimen by the reinforced

particles, and the overall porosity cannot be attributed solely to the

matrix material. The superiority of the second porosity model is

that it reveals the origination of the experimental porosity values,

which can now be understood in terms of particle agglomeration.

From Fig. 3 we can see that the SiC particles are dispersed

throughout the matrix. However, there are some regions where

some concentrations of SiC are present or absent. These regions

support the assumption in the porosity reduction models that

the composites are not perfectly dispersed as is desired. These

agglomerations may be the cause of the poor sintering observed

in the 20 vol.% SiC/MoSi2 specimen, which is possibly due to

agglomeration of SiC particles that prevent large areas of

MoSi2 powder from consolidating.

3.5. Mechanical properties of as-sintered samples

Table 4 lists the relative densities and mechanical properties

of the sintered samples. The densities of all samples were
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Fig. 6. Plot of the measured and predicted values from each of the models for

the final volume fraction of porosity.
greater than 63.0% of the theoretical density. Particularly, the

theoretical density of MSC2 was as high as 93.1%. The values

of mechanical properties fluctuated when the volume fraction

of SiC increased from 5% to 20%, which could be contributed

to the relative density of composites. The flexural strength and

fracture toughness of MSC2 were 274.5 MPa and 5.5 MPa m1/

2, increased by approximately 40.8% and 30.6% compared with

that of monolithic MoSi2 which was obtained by hot-pressing

sintered under the temperature of 1700 8C [9], respectively.

Comparing with the monolithic MoSi2 prepared by the same

way of SiC/MoSi2 composite, the flexural strength of MSC2

composite increased 180.8%. It can be concluded that the

addition of SiC via in situ pressureless sintering significantly

improved the mechanical properties of MoSi2. The hardness of

SiC was much higher than that of MoSi2. When SiC particles

dispersed in MoSi2 matrix, the dispersion particles would

withstand stress and generate micro-crack, which would

prevent the movement of dislocation, resulting in pinning

effect, and achieved the goal of hardening and toughening.

4. Conclusions

SiC-reinforced MoSi2 composites have been successfully

prepared by the in situ pressureless sintering from Mo, Si and C

powders. The microstructure and phase evolutions of samples

at the different temperatures (800 8C, 1100 8C, 1200 8C,

1300 8C, 1450 8C and 1550 8C) were investigated system-
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atically. At the temperature of 800 8C, the powders did not react

with each other, and at the temperature of 1100 8C, the sample

generated rich molybdenum products Mo5Si3 and Mo3Si, with

a great amount of Mo, Si without reacting. Then MoSi2 and SiC

were formed at the temperature of 1300 8C. After having been

treated at 1300 8C for 60 min and sintered 1550 8C for 120 min,

SiC particles dispersed uniformly in the MoSi2 matrix, and a

high density MoSi2/SiC composite with good mechanical

properties was obtained. Microstructural characterization of the

composites formed by pressureless sintering verified the

assumption that some portion of the porosity is also associated

with the agglomeration of the reinforced particle. We could

expect the cost efficient method pressureless reaction sintering

would have wider use in MoSi2 based composites.
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