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Abstract 

It has been shown that by directional crystallization of pseudobinary compositions of molybdenum disilicide (MoSi,) with 
some other refractory compounds, particularly with diborides of transition metals (composite materials having a disilicide 
matrix and extended in crystallization direction diboride inclusions} can be obtained that may improve the mechanical 
properties of the matrix material. © 1997 Elsevier Science S.A. 
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I. Introduction 

Molybdenum disilicide (MoSi:)has attracted the 
attention of both scientists and technologists over the 
last few decades due to its excellent oxidation resiso 
tahoe at high temperatures. Having a moderate den- 
sity and a high melting point, it could occupy a 
respectable position among compounds for new con- 
struction materials [I-5]. 

Unfortunately, in its individual state it has two 
substantial disadvantages w a high brittleness at room 
and moderate temperatures and a low creep resis- 
tance at high temperatures, particularly in the region 
where its unusual high oxidation resistance may be 
utilized. 

Then the main efforts of scientists were geared 
towards the creation of different MoSi: based com- 
posite materials for plastification at moderate temper- 
atures and strengthening at high temperatures. They 
studied different strengthening materials, particularly 
refractory metals, oxides, non-oxygen refract~,vy com- 
pounds. Several technological methods were used in- 
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eluding powder metallurgy, self-propagating high-tern° 
perature synthesis, plasma-spray processing, solidstate 
displacement reactions and crystallization from melted 
solutions, etc. [03]. 

Among the strengthening materials investigated 
that do not lower the oxidation resistance of nlatrix 
material the most promising appear to be ~me dio 
borides of transition metals and silicon carbide. 

It could be assumed that further improveme1~ts in 
the composition, structure and properties of MoSi: 
based composite materials may be made usiJ~g combio 
nations of several technological methods. Using this 
technique it is possible to obtain a desirable quantity, 
configuration of introduced phases and their distribu- 
tion in the matrix phase. 

One promising method in the formation of real 
structures of composite materials that fawirs their 
essential strengthening is directional crystallization of 
eutectic compositions. 

This method may be considered as a combination 
of zone melting and melted solution methods and 
allows us to obtain the strengthening phase in the 
form of uni-axial crystals, distributed in the matrix of 
the main phase. 

The closer to the eutectic point the composition of 
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the composite, the more regular should be the struc- 
t~Jre obtained and may result in improved mechanical 
pro~rties. 

It has previously been shown that during directio- 
nal c~stailization of LaB,,-MeB, eutectic systems the 
single c E,'stal matrix of lanthanum hexaboride is 
formed with single crystal fibers or whiskers of some 
diboride phase regularly distributed in it, that can be 
determined by peculiarities in the diboride phase 
crystal structure [8,9!. 

~ e  pseudobinary constitutional diagrams including 
MoSi: with other refractory, compounds have not 
been studied in detail, but it is known that some of 
them, particularly with titanium and zirconium di- 
~rides, have a eutectic character [10]. Thus it may be 
suppo~d that a similar structure may also be realized 
in such composites. 

2. Malerials and methods 

The directional crystallization process both for indi+ 
vidual MoSt+ and its mixtures with some transition 
metal diborides, i,e. TiB:, ZrB: and ~ B :  was studied, 

Also, mixtures of MoSi: with erbium (ErSi 2), tanta- 
lum (TaSi:) and tungsten disilicides (WSi,) were in- 
vestigated for stabilization of definite (hexagonal or 
tetragonal) MoSt z modification: some experiments 
were made with the addition of silicon or tungsten 
carbides. 

The directional crystallization process was per- 
formed using sintered rods of indMdual or composite 
materials. This was carried out by induction crucible- 
less zone melting, the zone movement rate was in the 
range 1-5 ram/rain. To prevent silicon evaporation, 
inert (argox0 gas under pressure up to 0.5 MPa was 
used. 

The quenching of melted drops of composite mate- 
rials into a cold copper crucible was used for obtain- 
ing a preliminary estimation of the possibility in the 
formation of elongated inclusions of strengthening 
phase into the matrix phase of molybdenum silicide. 
This method may be used as a fast qualitative evalua- 
tion of possible real structure configuration that may 
be realized by direction crystallization. 

The composition of obtained samples was studied 
by chemical, X-ray and optical spectra analysis. Real 
structure and fracture surface were researched using 

Fig+ l, Mi~tc~:tru~l,~ ~f q~enehed drt~ of MoSi?ba~d com~i~e maleriah (a) + ~ vol,~ S~B,; (b) + 27 vol,f~, LaB~; (0 + Sit vol. WC; 
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scanning electron microscopy with X-ray microanaly- 
ses. 

3. Results and discussion 

There are some contradictions in published data 
[11] about the existence or absence of polymorphous 
transitions of individual molybdenum disilicide close 
to its melting point. If this occurs, then the resulting 
oriented structure that may be formed under directio- 
nal crystallization at the solidification point after such 
a solid state phase transformation may be distorted. 

Firstly, the crystallization of individual molybdenum 
disilicide was studied. 

X-ray structure investigations of specimens that 
were obtained at different cooling rates (quenched 
drops, zone melted and directional crystallized sam- 
ples) have shown that in all cases only the tetragonal 
structure was fixed, which agrees with recemly pub- 
lished data [l l]. These results confirm the possibility 
of using the directional crystallization technique for 
molybdenum disilicide composite materials. 

Next the structures of quenched drops of molybde- 
num disilicide compositions were studied. 

The structure of a quenched drop of molybdenum 
disilicide with the addition of scandium diboride (20%, 

v/v) has shown the ab~nce of any specific orienta- 
tion of phases, only a practically isotropic fine grain 
structure was formed (Fig, la). 

In the molybdenum disilicide-lanthanum hey 
aboride mixture a very small mutual orientation of 
component phases was seen (Fig. lb). 

The structure of a quenched drop of a mixture of 
molybdenum disilicide with tungsten carbide (80%, 
v/v) has shown some orientation (Fig. lc). 

The structure of a quenched drop of MoSi 2 with 
the addition of silicon carbide (5.5%, v/v) shows the 
absence of mutual structure orientation. A matrix 
phase based on MoSi 2 with some inclusions of silicon 
carbide is seen (Fig. ld). A similar structure was 
formed in a composite of molybdenum disilicide with 
silicon nitride (29%, v/v)(Fig, le~. 

The microstructure of a rapidly quenched drop of 
composite that contains TaSi2 (I0%, v/v), demon ~ 
strates a heterogeneous structure, that consists of 
substantially large crystals of the matrix phase (MoSi2) 
and eutectic colonies occupying approximately half of 
the figure area. The general structure orientation is 
connected with the direction of maximal heat flow. 

12.5, 20 and MoSi 2 based composites having ZrB 2 
(25%, v/v) were studied. 

The structure of a quenched drop of a mixture of 
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Fig. 2. Microstructures of quenched drops of MoSi2-McB2 ¢omp~dte materials: (a) + 12.5 w~l.C~ ZrB~; (b) + 12.5 vol.C~ ZrB~. (c) ÷ 20 vol.C~ 
ZrB2: (d) + 25 vol.% ZrB2; (c) + 20 vol.% TiB,. 
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Fig, 3, Mi~:r~tructures tff directi(~md cryst~dli:zed coml~sites MoSi:~ZrB: by different crystallization rate (a) 3.5 ram/rain; (b) 8.5 ram/rain. 

MoSt: and ZrB: showed the presence of many mutu- 
~dly ~netrating crystals, where more coarse grains of 
molybdenum disilicide are pierced by plates or nee- 
dles of zirconium diboride tZrB:), in some cases the 
aggregates of plates or needles arc su,ro~i~,,,d by 
extra mat;~ix disilicide phase (Fig. 2a). in most cases in 
limits of each grain or agglomerate the definite orien- 
t~ttion exists (Fig. 2b). 

The incre~tse in ZrB: content up to 211% (v/v) does 
not change the structure of tile material (Fig. 2c). 
With the ~|ddition of 25t~; (v/v) the visible orientation 
of phas¢~ i~ only in ~)me paris of samples, in general 
the ~|~ucture appears more fineograined (Fig, 2d). 

A similar picture was received in the c~se of addio 
' io~ of tit~mium diboride (TiB~)(Fig. 2e)° 

A ch~mge of directional cr'~,sh|liizatio|! p '~i 
p,~r,~m~t~l, p~rlicularl~,' an increase ill the cl~yslallizao 
tion r~te lead~ to obhlJllJilg mater~al~ with a more  
cleverly defined orientation ~tructure, It is cleverly seen 
during the formation of composite materials on the 
b~se of MoSt: with the addition of ZrB, (Fig. 3). 

It may therefore be supposed that the most promis- 

ing composites based on the MoSt, matrix from the 
point of view of oriented structure formation are 
possible with additions of some transition metal di- 
borides, particularly zirconium or titanium diborides. 

These results in combination with known data about 
increasing of mechanical properties of MoSi,-TiB: 
composites, prepared by other methods, confirm the 
efficiency of the directional crystallization process for 
such compositions [ 12]. 

Some ex~riments in the co-crystallization of MoSt, 
mixtures with :/role other silicides having other crystal 
structures were performed. Particularly, as It strength- 
ening phase, erbium disilicide was chosen, s a, it has the 
same structure as transition metal diborides, i.e. AIB, 
type. B~ directional c~stallization of tile MoSi~=ErSi: 
(21i%. v/v) composition, an oriented structure was 
obt~tined which did not have an uniaxial but a plate 
t~rm of the second phase (Fig. 4a). It can be seen thai 
the studied composition is far from euteetics. 

During directional er~cstallization of an alloy that 
contains a TaSi, (5%, v/v) phase, the structure 
formed, ~'hich is characterized by extended grains (in 
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Fig. 5. Fracture surface of composite 80 vol.% MoSi, and 20 vol.% 
TiB,. 

some cases they are needle-like), located randomly. In 
some cases the colonies of eutectic structures are 
located along the grain boundaries (Fig. 4b). 

It can be seen that the compivte orientation of the 
strengthening phase was not achieved. The degree of 
structure orientation is determined by the cooling 
rate: under used rates of directional crystallization 
the regularity of the structure is less than for quenched 
drops of the same material. Then it may be supposed 
that the regularity of structure may be improved by 
raisit~g the cooling rate. 

The evaluation of some mechanical and oxidation 
characteristics of airectional crystallized composites, 
MoSi~TiB~ attd MoSi~ZrB~ were performed. 

'rite fracture of these materials has a mixed charac- 
let, transcryslallin~ fracture of coarse MoSi~ grains 
attd intercrystalline fracture of diboride phases are 
seen (Fig. 5). Fracture toughness measured with st:tn- 
dard 2,$ × 2.5 x 2$°mm sample having a 1.7 mm cut° 
ring was near 4 MPa. m t/~, that is close to hot pressed 
materials. 

The oxidation behavior of directional crystallized 
MoSi2=TiB2 and MoSi~ZrB~ rods was evaluated in 
conditions which approach real heating element ex- 
ploitation. The rods were maintained outdoors at 
1500°C for 82 h by means of current pass through the 

samples. The mass gain was approximateb~ 0.01 
mg/cm 2 per hour, that is less than for individual 
MoSt 2 and much less than it was obtained for simil~ 
hot-pressed composites according to Cook et aL [7]. It 
is possible that the reason is in a more perfect struc- 
ture of our directionally crystallized samples. Apart 
f~ ,m them, according to Serebriakova et al. [1S], 
forming during oxidation borosilicate glass coating is 
a better protective barrier against oxygen diffusion 
than individual silicate. 

Studied compositions of MoSt, based composites 
were chosen arbitrarily. By approaching the eutectic 
composition, that are realized in some pseudobinary 
systems with MoSt2, the increase in structure regular- 
ity and the raising of physical properties should be 
forthcoming. 

It may be concluded that there are grounds in 
suggesting that th~ method of directional crystalliza- 
tion, as applied to eutectic MoSt 2- MeB 2 composi- 
tions, that in turn still require detcrminalion, may be 
used for obtaining new composite materials. 
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