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Summary:

MoSi2 and rare earth (RE)/MoSi2 composites were synthesized by mechanical alloying

(MA) and self-propagating high-temperature synthesis (SHS) techniques. Their

properties of hot pressing disks were measured, such as hardness and fracture

toughness at ambient temperature and compressive yield strength at elevated

temperature. The responded microstructures were observed by using SEM and X-ray.

The results show that the room temperature properties of MoSi2 matrix are obviously

reinforced by addition of rare earth element (especially, when it is of 0.9wt.%). The

toughening mechanisms in RE/MoSi2 composites include fine-grained, microcrack,

crack deflection, crack microbridging, crack bowing and branching, and the

strengthening mechanism is fine-grained. But RE/MoSi2 composites only synthesized

by SHS have higher yield strength at elevated temperature, with grain-coarsened and

dispersion strengthening mechanisms.
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mechanical alloying; self-propagating high-temperature synthesis.

1. Introduction:

Intermetallics molybdenum disilicide(MoSi2) is an attractive candidate material for high

temperature structural applications because of its lower density, high melting point, high

thermal conductivity and elevated oxidation resistance (1). However, its practical

applications are limited by two major problems: poor toughness at ambient temperature

(blow about 1000°C) and poor creep strength at elevated temperature (2). The

responded reasons for its low toughness can be the intrinsic difficulties of dislocation

movement because of special C11b crystalline structure, and the brittle SiO2 glass

phase in grain boundary formed as a consequence of oxygen contamination in

preparing process (3). The lower creep strength at high temperature is attributed to both

dislocation creep mechanism and grain-boundary sliding occurring (4). So many

researchers devoted their efforts to improving mechanical properties of MoSi2 in

material design and preparing technique after the early 1970s. In material design,

addition of second phase enhancing properties of the matrix was a usually major

method, such as additions of Ta, Nb, W, ZrO2, SiC, Si3N4, WSi2, Mo5Si3, TiB2, i.e. for

improvement of the toughness at low temperature. The high temperature strength of

MoSi2 was also increased by second phases because of hindering effects on

dislocation creep and grain sliding. Many details were shown in Ref (3). Rare earth

elements had been successfully used in refractory metals (such as tungsten and

molybdenum) to enhance toughness and high temperature strength of the matrix

because of their special electronic structure (5), but there are few papers reported the
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addition of rare earth elements in MoSi2. In preparing techniques, lots of methods have

been adopted such as mechanical alloying (6-7), self propagating high temperature

synthesis (8-9), exothermic dispersion (XD) (10), solid-state displacement reactions

(11,12), plasma-spry process (13) in order to attaint pure MoSi2 matrix composites.

Above all, MA and SHS techniques were used in the present study because they were

simple and effective.

In this study, the hot-pressing disks of MoSi2 and RE/MoSi2 composites, which

synthesized by MA/SHS processing method, have been attainted. Their hardness and

fracture toughness at room temperature and compressive yield strength at the range of

800-1400°C have been measured. Particular, attention is devoted to developing an

understanding of the micromechanisms of strengthening and toughening MoSi2

material by addition of rare earth element particles.

2. Experimental methods:

2.1 Materials and preparation process:

A mixture of 99.9% pure Mo with a particle size range of 2~4um, 99.5% pure Si with a

sieve size of -325 mesh and 99.9% pure RE (about 1um in size) were used for

preparation of MoSi2 and RE/MoSi2 composites. The RE content in the composites was

0.2, 0.4, 0.6, 0.9 or 1.2wt.%, respectively). The powder mixtures were milled for 35

hours in a planetary ball miller with ball to powder weight ratio 20:1 and rotation 225 rpm

in argon gas atmosphere. As a comparison, the same powder mixtures were

compacted into a cylindrical pellet in a steel die. The compact of 60 mm in diameter and

10 mm in length was heated in a tungsten wire-heating furnace to 1420°C to initiate the
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thermal explosion mode of SHS. The heating rate to the ignition temperature was

800°C/min. The SHS reaction was carried out in argon gas atmosphere, too. The

resulting powders were then hot pressed in a graphite die at 1300~1400°C for 20 min.

The hot pressed bodies were cut, grounded and polished into rectangular bars with

5x5x10 mm in size.

2.2 Microstructural analysis:

Phase identification was done by a SEMENS-500 X-ray diffractometer with

monochromated Cu ka radiation. A scanning electron microscope equipment with

electron dispersive spectroscope (EDS) was employed to analyze the microstructures

of test samples.

2.3 Mechanical test:

Vickers hardness of MoSi2 and RE/MoSi2 composites was measured with a Vickers

hardness tester at load 49N and a load time of 10 s. Indentation fracture toughness (Kc)

was calculated using the following relation of Anstis et al (14):

Kc=A{E/H)l(p/&) (1)

Where A is a constant with a value of 0.016, H is the hardness, P is the indentation load,

and C is the average of the four surface radial cracks, E is the elastic modulus of the

matrix which value of 440MPa for polycrystalline MoSi2. The value of H was the Vickers

hardness (Hv), given by the relation (15):

Hv = P/2b2 (2)
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Where b is the length of each indent diagonal.

The median values of 16 indentation diagonals

and 32 radial crack lengths were used from the

8 indentations for calculation of fracture

toughness and hardness at same load

examined.

High-temperature yield strength tests were

performed using a Gleeble-1500 testing

machine at the range of 800~1400°C, which

heating rate was 20°C/min and compression

test rate was 0.5mm/min. The average value of

five specimens tested at each temperature was

adopted as the value of yield strength for MoSi2

and RE/MoSi2 composites.

3. Results:

3.1 Microstructure:
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Fig.1 The X-ray diffraction patterns for synthesis
products by MA and SHS-
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Fig.2 Optical miaogra()hs showing the grain size
of the MoSij and 0.9%RE/MoSi2 composite, (a)
MoSij (MA), (b) MoSij (SHS),
and(d)RE/MoSi2(SHS).
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Fig.1 shows the X-ray diffraction patterns taken for synthesis products by MA and SHS.

The major peaks are in agreement with the standard peaks of MoSi2, indicating the

finishing formation of monolithic MoSb phase in solid reaction: Mo + 2Si —> MoSi2. RE

phase is so weaker that cant be clear seen because the addition of RE is very small.

Typical microstructures of MoSi2, with and without RE particles addition, were shown in

Fig.2. The average grain size of MoSi2 synthesized by MA is about 8u m (Fig.2a), which

is finer than that of by SHS. Similar phenomenon can be observed in Fig.2 (c) and (d).

Compared with Fig.2 (a) and (b), the composite has a finer microstructure than the pure

MoSi2 production by the same synthesis technique. The RE particles that only in their

oxide form were confirmed by chemical analysis by EDS. In the present study, the grain

size decrease with the RE content increasing at the range of 0-0.9%, otherwise, the

grain size increasing.

3.2 Mechanical properties:

11.5

0.2 0.4 0.6 0.8

% RE content
1.0 1.2 0.0 0.2 0.4 0.6 0.8

% RE content

1.0 1.2

Fig.3 Variation of Vtckers hardness in
RE/MoSi2 composites as a function of rare
earth element contents.

Fig.4 Plot of fracture resistance Vs various
amounts of rare earth element particles for
RE/MoSi2 composites.

Vickers hardness values for the MoSi2 and RE/MoSi2 composites are shown in Fig.3,

Which shows that the hardness monotonically increased with increasing RE content at
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the range of 0-0.9%, but it 1400
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similar results are also plotted in

Fig.4. The hardness and fracture

toughness values of MoSi2 at

ambient temperature were

enhanced about 50% by addition of

0.9% RE particles, respectively.
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Fig.5 Compressive yield strength as a function of test
temperature for MoSi2 reinforced with RE particles.

Clearly in Fig.3 and 4, the hardness and fracture toughness values of RE/MoSi2

composites synthesized by MA are higher than that of by SHS.

Fig.5 shows the compressive yield strengths of the MoSi2 material reinforced with 0.4,

0.9 and 1.2% RE particles. With increasing temperature, the yield strength decreases.

To MoSi2 and RE/MoSi2 composites synthesized by MA technique, all of the yield

strength values become very approaching. However by SHS technique, they are clearly

raised. In this case, the better effect of addition of RE particles on the matrix is revealed.

Especially, the yield strength value of 0.9% RE/MoSi2 composite is about 100MPa

higher than that of pure MoSi2 at 1000-1400°C.

4. Discussion:

4.1 Strengthening mechanisms:

(a) Room temperature strengthening: The trends in the room temperature hardness

data can be explained by following relation (16):



346 RM47 H. Zhang et al.
15" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 1

ab= \k1+k2d
2 e x p ( - M ) (3)

Where ab is the tensile strength of P/M production, d is the grain size, 9 is the porosity,

ki, k2an6 k3 are the constant. With the d and 0 values decreasing, ob values will

increase. The responded c/and 9 values to Fig .2 were listed in Tab 1.

Tab 1 The average G and 9 values in Fig.2

MoSb MoSi2 0.9%RE/MoSi2 0.9%RE/MoSi2
I V I a t e n a l S (MA) (SHS) (MA) (SHS)

G(um) 8 10 4 6

0 (vol.%) 6 7 3 4

From Tab 1, the d and 9 values of MoSi2 and RE/MoSi2 composites by SHS are

bigger than by MA. So their hardness values are lower. Addition of RE particles results

in the enhancement of the hardness because it obviously refining the grain size of the

matrix about 50%. The hardness decreasing when adding content of RE over 0.9% can

be explained by the grain size increasing. Such as addition of carbon (17), Mo5Si3 (18)

or ZrO2 (19) particles made MoSi2 fine-grained in size to improve the hardness of the

matrix.

(b) High temperature strengthening: The higher yield strengths in RE/MoSi2 composites

synthesized by SHS than that of pure MoSi2 (Fig.5) are explained by dispersion

strengthening mechanism. For small, impenetrable particles a gliding dislocation can be

bow between particles and finally by-pass them, leaving behind an "Orowan" loop (20).

The additional stress, to expand dislocations and enable them to bypass

non-deformable particles of a second phase, is simply described by the Orowan

relationship (21):
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Gb

^d(j-1) (4)

Where rc is the critical sheer stress, G is the sheer modulus, b is the Burgers vector,

X is the interparticle spacing, f is the volume fraction of the dispersion phase. In this

study, the diameter of dispersing RE Particles in the MoSi2 matrix was observed to be

about 0.2-0.4 urn. According to equal (4), with the increasing of volume fraction of RE,

the X value decreases and the strength increases. But the decreasing of yield strength

in 1.2%RE/MoSi2 composite may be attributed to the d increasing, as described inTabi.

At 800~900°C, a small amount of microcracking is still observed in samples. It indicates

the materials fail in a brittle manner prior to any perceivable plastic deformation, which is

in agree with the brittle-ductile transition temperature (BDTT, ~1000°C). However, the

approaching yield strength values of M0S12 and RE/MoSi2 composites synthesized by

MA at above 1000°C are by two considerations. (1) The finer grain in size will make for

the grain boundary slip, which was approved to the same materials synthesized by MA

and SHS in this experiment. (2) The hindering effects of RE particles on dislocation

motion are propitious to improve the high temperature yield strength.

Thus the higher yield strength values of the materials by SHS than that of by MA is

attributed to the grain-coarsened. Dispersion strengthening effects only obviously

appear in the microstructure with bigger grain in size.

4.2 Toughening mechanisms at room temperature:

It is well known that the fracture toughness of brittle ceramic materials increases with an
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increase in grain size (22). However, the finer microstructure exhibited the higher

toughness, as shown in Fig.4. Fig.6 shows the fracture surface in MoSi2 and RE/MoSi2

composite. The fracture surface of pure MoSi2 shows failure to have occurred mostly by

transgranular cleavage (Fig.6(a)). While the composites fracture surface show a mixed

intergranular-transgranular failure (Fig.6(b)), as shown in SiC/MoSi2 composite (4). The

reason may be caused by the decrement of brittle glass SiO2 phase at the grain

boundaries because of rare earth element becoming oxide in MoSi2. These similar

results were also found in the other MoSi2 matrix composites reinforced by 3Y-ZrO2 (19)

and carbon (23).

b ..

4*

Fig.6 SEM images of fracture surface in MoSi2 (a) showing a mostly cleavage fracture and in
RE/MoSi2 composite (b) showing a mixed intergranular-cleavage fracture.

Crack propagation behavior in RE/MoSi2 composites were shown in Fig.7. Fig.7 a, b, c

and d show the microcracking, crack deflection, crack microbridging, crack branching

and crack bowing in the composites, respectively. Rice (24,25) has reviewed

mechanisms about toughening ceramic composites. These mechanisms include matrix

microcracking, crack branching, crack deflection, crack bowing and fiber pullout. Carter

and Hurley (26) have suggested crack deflection as an important toughening
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mechanism in SiC-whisker-reinforced MoSi2. Bhattacharya and Petrovic (17) have

provided an evidence for crack-interface grain bridging (crack microbridging) in

20vol%SiC/MoSi2 composite and crack branching in 40 vol%SiC/MoSi2 composite. The

present study did not appear to show fiber pullout. These crack behaviors observed in

this case, which can be explained by the presence of a complex residual stress field and

high resistance to crack propagation because of addition of RE particles in the matrix,

will absorb more energy and thus promote toughening.

ess?

lc 10nm
"

Fig.7 SEM images of the crack propagating behavior in RE/MoSi2 composite (a) showing microcrack,
(b) crack deflection, (c) crack microbridging, (d) crack bowing and branching.

5.Conclusions:

Rare earth particle reinforced MoSi2 composites were prepared by mechanical alloying

and self-propagating high temperature synthesis techniques. The hardness and fracture
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toughness of MoSi2 material at ambient temperature were obviously improved by

addition of rare earth element. Especially when adding 0.9%RE, they are enhanced

about 50%, respectively. The strengthening mechanisms are fine-grained strengthening

and dispersion strengthening. The toughening mechanisms include fine-grained,

microcrack, crack deflection, crack microbridging, crack branching and crack bowing

toughening.

MoSi2 and RE/MoSi2 composites synthesized by SHS have a higher yield strength

value at high temperature than that of by MA because the bigger grain size hinders

grain boundary slip. Adding 0.9%RE particles in MoSi2 make the high temperature yield

strength enhanced about 100MPa because of obstacle effect of RE particles on

dislocation movement.
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