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In situ synthesis of Mo(Si,Al),-SiC composites
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An in situ reaction was proposed and investigated to produce Mo(Si _,Aly),-SiC
composites. The starting powders were MoSi,, Al and C. A direct current hot pressing
(DCHP) method was used to prepare these composites. When the mixed powder was hot
pressed at temperatures lower than 1500°C, the phase composition was Mo(Si,Al), and
B-SiC. When the hot pressing temperature was higher than 1600°C, however, Nowotny
phase Mo_;Si3C., appeared. The chemical stoichiometry of the proposed in situ reaction
becomes difficult because of the formation of solid solution among these phases and the
appearance of MosSisC phase. The in situ formed SiC phase in the x=0.3 sample was
partly in whisker shape. However, the SiC phase in x=0.15 sample was in particle shape.
These in situ formed SiC particles and whiskers acted as crack deflection and bridging
elements and improved the fracture toughness. The Vickers hardness and fracture
toughness of the x =0.3 sample hot pressed at 1700°C for 60 min in vacuum were 15.6 GPa
and 5.39 MPa-m'/2, respectively. © 2000 Kluwer Academic Publishers

1. Introduction that MoSp/Mo,Bs composites showed superplasticity
Molybdenum disilicide (MoS)) is generally used as at about 1400C and Zhanget al [19, 20] utilized

a heating element up to 17@D in an air atmosphere. this behavior to design high temperature multilayer
Recently, it has been recognized as a potentially usefufomposites with superplastic interlayers.

matrix material for high temperature structural ceramic On the other hand, it has been reported that the alu-
composites. Monolithic MoSi material is brittle at minum addition and the Mo(Si,Ad)formation could
room temperature and has low creep resistance amprove the mechanical properties and oxidation re-
high temperatures. However these disadvantagesstance of MoSi [21-24]. The pesting (a type of
can be reduced by compositing. For example, thelestructive oxidation) of Mo$iat about 500C can
research work about the addition of second phaseke suppressed by the addition of Al because the vol-
such as SiC or AlO; fibers [1, 2], SiC whiskers [3], ume change in the process of oxidation is largely re-
SiC particles [4, 5], Zr@ [6], Al,Os [7, 8], M0,Bs  duced [22]. The high temperature oxidation properties
[9], TiB,, TiN, B4C [10] and MaC [11] et al. have  of MoSi, can also be improved by the addition of Al
been reported. The methods used for the addition oind formation of Mo(Si,Al). The formation of A}O3
these second phases can be generally divided intim the oxidation process can restrict the crystallization
two groups: direct addition oin situ formation by  of SiO,, which also forms in the oxidation process [21].
chemical reaction. Henaget al. proposed to use the Shobuet al. [25] studied the SiC-Mo(Si,A})compos-
reaction M@C + 5Si— 2MoSk, + SiC to produce an ites prepared by melt infiltration of Mo(Si,Al)into
MoSi,-SiC composite [5, 12], Krishnaraet al. used porous SiC preform. The composites exhibited moder-
the reaction between SjOor SkN4 and Mo and C  ate strength (up to about 600 MPa) up to 18D@or fast

to produce MoSi-SiC composites [13], Costa e Silva fracture. In this paper, the preparation and the mechani-
etal usedthe reaction M&i; + B — MoSi, + Mo,Bs  cal properties at room temperature of a Mo(Si;ABiC

(or MoB) to produce MoSkmolybdenum boride com- composite byn situ process is reported. The proposed
posites [14] and Tillyet al. synthesized MoSiSiC  in situreaction is:

composites by melt processing from high purity Mo, . . .

Si and C element sources [15, 16]. Most recently,MOS'Z"‘ZXAl"'ZXC_) Mo(Si—xAlx)2 +2xSIC (1)
Hecht et al. prepared a Mo%ISiC nanocomposite
by in situ pyrolysis of MoSp particles coated with 2. Experimental procedure

polycarbosilane and subsequent densification by hothe starting powders were MgSimean particle size
pressing [17]. In addition, Watanale¢ al. [18] found 6 um, main impurities were oxygen 0.21, Fe 0.17 and
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C 0.03 wt%), aluminum (purity 99.9%) and C (purity
99.9%). In the present study, the valuexdh reaction 1500°C
(1) was set to be 0.15 and 0.3. The raw powders witl ! 1 0.3
stoichiometric compositions according to reaction (1)
were mechanically dry mixed using an,&l3 mortar

for 1 h. The mixed powders were then hot pressed us LU
]

ing a direct current hot press (DCHP) machine [26] a . 21 4
1300°C, 1400C, 1500C, 1600C and 1700C under o |
20 MPain avacuum for 60 min. For comparison, mono- T .0 .0 Wi
lithic MoSi, was also prepared by DCHP at 1600
under 20 MPa in a vacuum for 60 min using the same 1
raw powder of MoSi. The surface layer of the hot
pressed specimens were ground away and their den:
ties were measured by the water displacement metho
The phase compositions of the specimens were dete
mined by X-ray diffraction (XRD) using CuKradi- : Loy

ation. The Vickers hardness (Hv) and fracture tough£ ""—-?nml—l_’ : Sb & MM
ness Kic) was tested by indentation technique using&
an indent load of 196 N on the polished surfaces og
the specimens. The Evans and Charles formula [27
was adopted to calculate the fracture toughness. Eac
data was an average of 6 values. Scanning electron ir
croscopy (SEM) was used to observe the microstruc
tures of the materials. Energy-dispersive X-ray analysi:
(EDAX) associated with SEM was used to determine
phase chemistry.

3. Results and discussion

3.1. Phase compositions

The XRD patterns of the hot pressed specimens ar
shownin Fig. 1. From Fig. 1 it can be seen that when th
hot pressing temperatures were lower than 2&0the gt A A A
phase composition was Mo(Si,Aland 8-SiC. How- Diffraction angle, 2 6 (")

ever, at 1600C the Nowotny phase M@gSizC.; (which

is written as M@SizC) appeared and the product be- Figure 1 XRD patterns of the specimens hot pressed at various temper-
came a ternary-phase composite. At 1%¢he inten- atures for 60 min under 20 MPa in a vacuum (1—Mo(SkAB—SIC,;

sity of XRD peaks of MgSisC phase became stronger > M0sSizC).

and it showed that more Nowotny phase had formed or 300
possibly the crystallization of this phase improved with .
increasing hot pressing temperatures. This Nowotny 250 ) SiC phase
phase generally appears when carbon exists in the com: 200 | Si

position [13, 28] and it is considered that this phase .

can be used as a reinforcement [29]. In this situation, 3 150
however, the chemical reaction was more complex than &

reaction (1). According to the EDAX results by SEM, 100 1y

Mo, Si and Al elements existed in all of these three Mo

phases. Fig. 2 shows the EDAX pattern of SiC phase 90 [

(the black region in SEM photos which will be dis- 0 -

cussed later) in the specimen with= 0.3 hot pressed 2 4 6 g 0

at 1700C. This means that the chemical stoichiometry
in reaction (1) becomes difficult because of the forma- Energy(keV)

tion of solid solution. According to the results obtained igyre 2 The EDAX pattern of SiC phase ir=0.3 specimen hot
in MoSi,-Al reaction system [24], Al would begin t0 pressed at 170 for 60 min.

displace Si and form Mo(Si,Ad)at as low tempera-

ture as 680C, the following reaction sequence can be At high temperatures above 15@)

suggested:
Mo(Si;_xAlx)2 + SiC — MO(Sil_yAl y)2 + MosSisC

MoSk, + Al — Mo(Sii_xAl)2 +Si (2) S _ @
Further work investigating the details of the reaction
Si+C— SiC (3) mechanism and the relationship between the element
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composition and the properties of the materials ob-ent with that of directly added one, it is believed that
tained in this system needs to be done. However, iBiC formed througln situreactions (2) and (3) is easy
is suggested that the reaction mechanism is differertb grow as whisker-like (microstructures are shown in
with that in the M@C-Si displacement reaction sys- next section).

tem [5]. Also, because the state and distribution of the From Fig. 1 one can also see thatthe XRD peak (111)
in situ formed Si from reaction (2) should be differ- of Mo(Si,Al), with x =0.15 andx = 0.3 are different.
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In x =0.3 sample, there was a diffraction peak with a
little large diffraction angle near the (111) peak. This
peak did not exist in th& = 0.15 specimen. Although
the diffraction peak (200) o8-SiC is at this angle, the
intensity should not be as high. It was preliminarily
suggested that this peak was related to the Mo(Si,Al)
phase with high values.

3.2. Microstructures

Fig. 3 shows the relationship between the densities of
the specimens and hot pressing temperatures. The den-
sity of monolithic MoS} hot pressed at 1600 was

6.23 g/cni (98.73% of theoretical density). It can be
seen that the rapid increase of densification occurred
in the temperature range of 16@ to 1700C. Al-
though it is difficult to know the theoretical density of

Figure 3 Relationship between the densities of the specimen and hoth€ material and hot pressing temperature higher than
pressing temperatures.

1700C was limited by the hot pressing machine. The

Figure 4 SEM photographs of the polished surfaces of the specimens. Black phase is SiC. (a) hot pressé€arid06rtical to the hot pressing
direction,x =0.3; (b) hot pressed at 1700 and vertical to the hot pressing directions=0.3; (c) hot pressed at 1700 and parallel to the hot
pressing directiony = 0.3; (d) hot pressed at 1700 and vertical to the hot pressing direction= 0.15.
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densification of the specimens which were hot pressed700C. In the vertical direction the SiC particles ap-
at 1700C for 60 min were satisfied according to the peared larger and more whisker like than that in the par-
SEM observation. Fig. 4 shows the SEM photographsllel direction, and itis suggested that thaituformed

of the polished surfaces of the specimens. It can be see®iC is whisker shaped. The SEM photo of the speci-
that when the hot pressing temperature was at 1600 men withx =0.15 which was hot pressed at 1700
some large pores remained in the specimen anéhthe is shown in Fig. 4d and it can be seen that ithaitu
situformed SiC was in particle shape (Fig. 4a). For theformed SiC particles had particulate shape and were
specimen withk = 0.3 and hot pressed at 1780, al-  very fine in size (less than 2m). It also seemed that
most no pores remained in the specimen and many dhe in situ formed SiC particles were located at the
thein situformed SiC particles were in whisker shape. grain boundaries of the Mo(Si,Almatrix and formed
Fig. 4b and c are the SEM micrographs of the surfacesa three-dimension SiC chain. The distribution pattern of
vertical and parallel to hot pressing direction respecthein situformed SiC particles should inhibit the grain
tively for the specimen wittlx = 0.3 and hot pressed at growth of the Mo(Si,Al> matrix. On the other hand, the

TABLE | Mechanical properties of thia situcomposites

DCHP at DCHP at DCHP at Monolithic
Sample 1600C, x=0.3 1700C,x=0.3 1700C,x=0.15 MoSb
Vickers 1DCHP 4.4 15.6 11.6 6.0
hardness (GPa) /[DCHP — 10.5 9.2 —
Fracture toughness 1DCHP 3.2 5.39 2.61 1.82
(MPa. m%/?) /IDCHP — 3.44 2.43 —

1p

(d)

Figure 5 The interactions oin situ formed SiC particles and whiskers with the Vickers indent induced propagating cracks. (a), (b) and (c) shows
the crack deflection and bridging by tiresitu formed SiC particles and whiskers xn= 0.3 specimen hot pressed at 1700 (d) shows the crack
deflection inx = 0.15 sample hot pressed at 1700
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in situformed Ma;SisC was lighter in color when com- ties in the direction parallel to the hot pressing were
pared with Mo(Si,Al} in the SEM photographs and it lower than those in the vertical direction.
was not easy to distinguish.
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porosity observed in the specimen. The Vickers hard-
ness and fracture toughness (in the direction vertical to
the hot pressing) of the specimen wih= 0.3 and hot
pressed at 170C were much higher than that for the
monolithic MoSp material. These properties were ob- 5
viously lowerinthe direction parallel to the hot pressing
because thim situformed SiC whiskers grew mainly in
the vertical direction. This property difference in differ-
ent direction was not so obvious for the specimen with ™
x =0.15 because thim situ formed SiC in this speci- 5
men had particulate shape. Fig. 5 shows the interactions
of in situ formed SiC particles and whiskers with the 6.
Vickers indent induced cracks. It can be seen that the
in situformed SiC could act as bridging and deflection
elements in both the particle shape or whisker shapeg
Thein situ formed fine SiC particles in the specimen
with x =0.15 could also act as a deflection element as 9.
shown in Fig. 5d. Thus, the toughening mechanism in
thesdn situMo(Si,Al),-SiC composites was suggested 10
to be crack deflection and bridging loy situ formed 14
SiC particles and whiskers. Henageal. [5] foundthat  12.
the highest toughness was measured for materials hot
pressed at shorter times and having smaller SiC volum&-
fraction in MoSp-SiC system from MgC-Si reaction.
In the present case, however, because the shapes of
the in situ formed SiC inx =0.3 specimen (whisker 15.
shaped) and = 0.15 specimen (particle shaped) were
different, the effect of SiC content on fracture toughness-®:
should be different with that observed in the MgSiC
composites from MgC-Si reaction system.

1.

3.

17.
18.

19,
4. Conclusions

Mo(Si,Al),-SiC composites were prepared lysitu 20
reaction of MoSj, Al and C. The phase composition 21.
of the specimens hot pressed at temperatures Iow%r2
than 1500C consisted of Mo(Si,Apandg-SiC. When

the hot pressing temperature was higher than 1600 3.
MosSisC appeared. Because of the solid solution be-
tween these phases and the formation of8lgC the 24
chemical stoichiometry of the proposeéd situ reac-
tion becomes impossible. When hot pressed at 4C00 ,
thein situformed SiC forx = 0.3 specimen had partly

in whisker morphology, and for the=0.15 specimen 27.
the SiC had particulate shape. These SiC particles ari$-
whiskers could act as deflection and bridging eIement:g9
and improved the toughness of the composites. The™
Vickers hardness and fracture toughness (in the verti-
cal direction to hot pressing) of the=0.3 specimen
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