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The oxidation behavior of Mo_5Si3C-1 and its composites was studied in air over the
temperature range of 500°C-1600°C. Experiments revealed poor oxidation resistance of
monolithic Mo_5Si3C-4 at high temperature. The oxidation was quite rapid at 1200°C and
above, resulting in complete oxidation of specimens in a short time. The addition of

2.0 wt% boron was found to produce a Mo_5Si3C-1; composite with three other phases of
MoB, MoSi,, and SiC, and showed remarkable improvement in oxidation resistance. The
mechanism for the improvement was attributed to the viscous sintering of the scale to
close the pores formed during the initial oxidation period. Oxidation tests were also
conducted on SiC-Mo_5SizC-; composite at 800°C, 1300°C and 1600°C for more than 100
hours. The oxidation resistance of the composite was found to be very good. The results
demonstrate that, though oxidation resistance of monolithic Mo_sSi3C- is far insufficient
for high-temperature applications, boron-modification and/or composites with SiC are
viable methods to improve oxidation resistance to a practically acceptable level. © 2000
Kluwer Academic Publishers

1. Introduction composites should be MgSi;C-; instead of M@Sis.
For structural applications in high-temperature envi-Recently, monolithic MasSisC~1 compacts were syn-
ronments, a material should have adequate strengtbthesized by Suzuki and Niihara [14] through the HP
creep resistance and oxidation resistance [1, 2]. Amongiethod. The authors suggested thatly®isC-; could
various advanced materials that are being studied fape used as a new matrix material as well as second-
high-temperature applications, composites based on thghase reinforcement material for high-temperature ap-
Mo-Si-C system are of interest as envisaged by MoSi plications. Although significant attention has been paid
and SiC with a high melting point and good oxida- to Mo<5Si3C<1, most properties of the material are
tion resistance at high temperature. Although MoSi stillunknown, for example, the oxidation resistance has
shows excellent oxidation resistance at high tempernot been clarified, which is often the primary criterion
ature, monolithic MoSi exhibits only modest value [15] in the selection of structural materials for high-
of fracture toughness [3, 4] at room temperature andemperature applications.
has a high creep rate [5, 6] above 1200 making it The purpose of the present study is to explore the ox-
unsuitable as a high-temperature structural materiaidation behavior of MasSizC<1. High-density mono-
Molybdenum carbosilicide (Mg;SisC<;) is another lithic Mo -sSizC-; was synthesized by the HP method,
interesting material in the Mo-Si-C system, becauseand the oxidation behavior of monolithic MgSizC-1
it (1) has a high melting point of around 21@) (2) was investigated from 50C to 1300C in air. Boron
has relatively complex crystal structure that may leadaddition was examined to improve the oxidation re-
to better creep resistance, and (3) it is the only stablsistance of MasSisC-1, and the oxidation resistance
ternary phase in the Mo-Si-C system. Therefore, it isof B-Mo-5SisC<1 was tested up to 150Q. Oxidation
chemically compatible with SiC, C and MgSit high  tests were also conducted on SiC-M8isC<; com-
temperature. posites fabricated by the melt infiltration process.
Since the first detailed study on the ternary Mo-Si-C
system by Nowotnyet al. [7], several researches
have been undertaken on the Mo-Si-C system and th2. Experimental procedure
Mo_5SizC<; phase [8-11]. MgsSisC-; was found in  2.1. Sample preparation
hot-pressed (HP) MoSicompact when carbon was Monolithic Mo<sSisC<1 was synthesized from raw
used as the deoxidant to remove i grain bound- powders of MoSi (circa 1 um, Japan New Metals,
aries, and the presence of MgBizC-; was suggestedto 99.94%), SiC ¢, circa 3.2um, Showa Denko, Japan,
improve the mechanical properties of the Mo&dm-  99%) and Mo (circa 1.3um, Japan New Metals,
pact [12, 13]. Costa e Silva and Kaufman [11] demon-99.9%). The powders were mixed by wet ball milling
strated that the third phase in silicon-lean MpSiC  in alcohol for 3 hours, followed by drying in an oven.
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The mixture was then packed into a graphite die coatedbtained. The fabrication of monolithic MeSizC<1
with BN, followed by HP under an applied pres- compacts was first attempted by melting the mixture
sure of 15 to 35 MPa at 1500 to 1700C for 1 to  at 2100C in an induction furnace, followed by solidi-
3 hours. The resultant disks were 12 mm in diamedication. Although the melting of the mixture was ob-
ter and about 6 mm in thickness. Approximately Immserved at around 203G, it was difficult to obtain a
was ground out from each surface of the disk to elim-dense MasSizC<1 material. The microstructure was
inate the region affected by the proximity of the die. not homogenous with many voids, pores and possibly
The disk was then cut and ground into small spec-other phases (carbon, SiC and/or MgSiven when
imens with 4 mmx 3 mmx 2 mm dimensions, fol- re-melting was performed several times at 2XD0
lowed by polishing with Jum diamond paste. Boron-  Accordingly, monolithic Ma.sSizC<1 was synthe-
doped Ma;SizC<; compacts, containing 2.0 wt% B, sized by hot pressing at temperatures from &0
were also prepared by the same procedure using thE/00C. Single-phase MgSizC; could be obtained
raw powder of B (circa lum, Furuwaki Chemical, only when the sintering time was more than one hour;
Japan, 99%). The material will be subsequently termedtherwise, MoSi, SiC or carbon phases may remain
B-M05Si3C<;. in the microstructure. Also, the pressure of 15 MPa
SiC-Mo<5SisC<1 composites were fabricated by the was insufficient to obtain a fully dense compact even at
melt infiltration process. A 4& 16 x 6 (mm) preform 1800 C; a pressure of 35 MPa was necessary to achieve
was prepared by molding SiC raw powder in a diea density over 95% of theoretical density. The density
and then pressed by a cold isostatic press (CIP) umsfthe samples consolidated under various conditions is
der 300 MPa. The relative density of the preform wasdlisted in Table I.
estimated to be around 70%. The infiltrant was the same Fig. 1 shows the XRD pattern of a typical
mixture as that used for the fabrication of monolithic Mo-5SisC<; compact. Itindicates that all peaks fit very
Mo<5SizC<1. Theinfiltration was performed at2180  well to the XRD pattern of MgsSizCos (PDF NO.
for 10 minutes in flowing argon using an induction 43-1199) and no peaks from other phases are present.
furnace. Fig. 2 shows a typical microstructure of the compact.
Although some Si@phases existed, neither unreacted
components nor other intermetallic phases were ob-

2.2. Properties evaluation and oxidation served. The presence of Si@ould be due to a slight
te_sts . _ oxidation of the raw powders.
The microstructure of MgsSisC<; and its compos- The B-Ma;sSisoCs compact was synthesized at

ites was characterized by optical microscopy and scangorC—1700C under 35 MPa for 1 to 2 hours. The
ning electron microscopy (SEM). An energy-dispersivecompact consists of four phases of M&isC-1, MoB,
X-ray spectrometer (EDS) was used to determine th‘ﬂ/loSiz and SiC, as confirmed by SEM, EDS and XRD.
composition of these materials. The crystalline phasesgpe presence of four phases in B-M@isC-1 would
were evaluated by an X-ray diffractometer (XRD). The pe due to the phase equilibrium of the system. Although
density of the samples was determined by Archimedesgetailed thermodynamic investigations can not be ac-
principle using water. Thermogravimetric analysescomplished due to the lack of thermodynamic data of
were carried out (Shimadzu, DT-300, Japan) under naihe Mo-B phases in the Mo-Si-B-C system, this point
ural convection conditions in air between 3010 can be confirmed by the relative experimental results
1300°C. The mass change was continuously recorde@ng phase diagrams. The initial composition prior to hot
by a personal computer. Oxidation tests above 1300 pressing is M@s30Sio354B0.116 in the Mo-Si-B system
were conducted in air using a high-temperature thermalhen carbon is not counted. The ternary phase diagram
analysis system (Thermal Analysis Station, TAS 100 of the Mo-Si-B system shows that BMo and Meiill
Rigaku Corp., Japan). appear by this composition at around 1600Exper-
iments [16] also confirmed that BMo and MgSio-
existed with hot-pressed M8i; when the initial com-
3. Results and discussion position was M@ss56Sio.334B0.110. ONn the other hand,
3.1. Materials synthesis it becomes silicon-rich on the Mo-Si-C ternary system
The composition of MgsSizoCs was selected as the ini- when MoB is formed; MoSi and SiC thus form ac-
tial composition, because it was reported [14] that neatording to the equilibrium of the system. For example,
this composition single phase MgBizC-; was easily the composition would be M@o1Sio.428Co.071 if all the

TABLE | The density of various samples

Sample composition Experimental conditions Density (KQ)/m
Mo045SizoCs HP at 1500C for 1 h under 15 Mpa 7.2810°
Mo45SizoCs HP at 1700C for 2 h under 15 Mpa 7.48 10°
M045Siz0Cs HP at 1600C for 1 h under 35 Mpa 7.56 10°
Mo45Si30Cs HP at 1700C for 2 h under 35 Mpa 7.79 10°
2 wt% Boron doped MgsSizoCs HP at 1600C for 1 h under 35 Mpa 7.4% 10°
2 wt% Boron doped MgSizoCs HP at 1700C for 2 h under 35 Mpa 7.5 10°
SiC-Mos5Si30Cs composite Infiltrated at 210C for 10 min. 4.35¢ 10°
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Figure 1 XRD pattern of a typical MasSizC~1 compact hot-pressed at 17@for 2 h from raw powders of Mo, Mogiand SiC. Tick marks are

Bragg positions (PDF No. 43-1199).

Figure 2 SEM micrograph of the polished surface of a M&izC-1
compact hot-pressed at 17@for 2 h. Black spots are SO

B were combined with Mo to form BMo. Although
Mo.5SizC-; was predicted to be a single phase over a
broad composition range by the ternary Mo-Si-C phase
diagram, it was found [14] that only in a narrow compo-
sition range, single-phase MgSizC.1, was attainable
by hot pressing at around 160D The second phase
will appear when the composition deviates from that
range. Boron may slightly dissolve in the MgSizC<;
phase, however, it is difficult to determine the amount
by the current SEM/EDS system. The XRD pattern of
a typical B-Mq;5SizoCs is shown in Fig. 3. No peak
from SiC was detected, indicating that the amount of
SiC was very small.

SiC-Mo<sSisC<; composites were fabricated at
2100C by the melt infiltration process. Although
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Figure 3 XRD patterns of SiC-MasSizC<1 composites obtained from melt infiltration process at 200fdr 10 min, and B-MasSizC<; compact
hot-pressed at 170Q for 2 h. The PDF numbers used are: M8i3C~1 43-1199; MoSi 41-0612; MoB 06-0636 and SiC 29-1131.
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20 mass changes are plotted as a function of time in

500°C Fig. 4. These plots include the initial ramping stage
v UG o up to the temperatures at“Xymin. The mass change
-10 = 1000C 900°C behavior during the initial stage at 8@ is replot-
100 ted in Fig. 5. The overall oxidation reaction of the
-40M Mo5Si3C<1 phase would be as follows:

I 2MosSizC + 230, — 10MoG; + 6Si0, + 2CO,

ge (mg/cm?)

4
[=]
L

(1)

As seen from Fig. 5, the weight starts to increase at
about 450C, indicating that the oxidation becomes sig-
nificant around 450C. The weight gain is apparently

Mas.s chan
>
(e}
1

-130 due to the formation of Mogand SiQ, where, accord-
1200°C ing to reaction (1), the weight change is a net gain of
[1300°C 56%. As the temperature increases, the weight continu-
-160 " 1 . 1 N 1 N 1 A 1 " H H H
0 20 0 0 30 00 120 ously increases up to about 720 A quick weight loss

was observed after 72Q, primarily due to the rapid
volatilization of the MoQ phase. When Mo@com-
Figure 4 Oxidation-induced mass changes of M6isC1 as afunc-  Pletely volatilizes, reaction (1) indicates that the weight
tion of oxidation time in air at 50C—1300C. The specimens were Change is a net loss of 69%. As seen in Fig. 4, a contin-
completely oxidized within several hours at 12@0and 1300C. uous weight loss was observed during the holding stage
at all temperatures except for that at 50Gnd 600C,
where a small weight gain was obtained. The figure
shows almost the same weight gain at80and 600C
ity and low viscosity of the melt. The composite was up to 40 h, indicating little diﬁerencg in the_ oxidation

: rate at these temperatures. The weight gain is lower at

almost fully dense, of a relative density greater than600>C above 40 h, probably due to the quick volatiliza-
95%, though there were some small uninfiltrated areag . o MoOs at 66@C As shown in Fig. 6, at 60C

up to 10um randomly distributed in the microstructure. P S
i . : the equilibrium vapor pressure of Ma(@), which is
The composite was composed of SIC andM®isC<1 ;¢ jated from the thermodynamic data [17], is 150

only, as exhibited by the XRD pattern in Fig. 3. times higher than that at 500. The oxidation rate

increases with increasing temperature, and it dramati-
3.2. Oxidation of Mo-5Si3C-4 cally increases when the oxidation temperature exceeds
The oxidation behavior of monolithic M@SisC-;was  1100°C. At 1300C, the specimen was completely con-
studied from 500C to 1300C. The oxidation-induced verted into powdery Si@in less than 3 hours.

Oxidation time (h)

10 min was adopted for infiltration, a few minutes was
sufficient for full infiltration, indicating good wettabil-
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Figure 5 Mass change behavior of MgSizC<1 during initial transient period. Initial mass gain is due to oxidation ofi®izC1, and the followed
rapid weight loss is due to the volatilization of M@O
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Figure 6 The equilirium partial pressure of Ma(@) vs. temperature.
The equilibrium vapor pressure of Ma@) at 600 C is 150 times higher
than that at 500C.

The oxidation behavior of MgSizC-1 is similar
to that of Ma;Siz except that pest disintegration of
the Ma;Sis compact was reported at 8@D by Meyer

and Akinc [16], while no pest disintegration was ob-

served on MasSizC<; from 500C to 900C up to
100 h in the present study. MgQvolatilizes exten-

expectitatlowertemperatures for an extended time like
MoSi, [18]. At 500°C-600C, the oxidized specimen
was covered by a loose yellow-white scale, which was
detected to be a mixture of MaGand SiQ, as indi-
cated by the XRD patterns in Fig. 7. No peaks of 5iO
were detected at 500-900C, indicating that the Si©
formed at these temperatures is amorphous. ThegMoO
phase disappears on the oxidized surface above®00
due to the quick volatilization of Mo® A large amount

of white to yellow crystals with needlelike shape con-
densed on the cooler portion of the tube, which was
examined by XRD to be Mo® The change of amor-
phous SiQ to cristobalite occurs at around 10@as
shown by the XRD pattern. The powdery product at
1200°C-1300C is cristobalite, and no other phases are
found. As seenin Fig. 7, Mg®i3, Mo,C and Mo phases
formed after oxidation at 90€—1100C. The forma-
tion of MosSiz, Mo,C and Mo would be due to the
selective oxidation of silicon in the interface of the ox-
ide scale and the substrate. This point can be confirmed
by the thermodynamic analyses given below.

The equilibrium of air (N and @), CO, CQ, SiO(qg),
MoOz(g), MoOs(g), MoOs(l), Mo<5SisC<1, M0OsSis,
MoSi,, Mo3Si, MoC, Mg,C, SiC, Mo, C (graphite), Si,
SiOz, MoO,, MoOs3, M04011, M0ogOs3, and M@Oy¢
was studied by minimizing the free energy of the
system [19]. All thermodynamic data were taken or
calculated from references [17, 20, 21] except those
of Mo-5Si3C<;. Mo5SisC<; was considered as a

sively above 720C, so that above this temperature line compound in the calculation. The free energy of
pest disintegration seems unlikely to occur becaus®lo-sSisC<; was based on the evaluation of Silva and
the volumetric mismatch associated with reaction (1)Kaufman [11]. The thermodynamic calculations show

is small when MoQ volatilizes. We would, however,

that the oxidation of MasSizC<1 simply proceeds
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Figure 7 X-ray diffraction patterns of the oxidized surfaces of M8i3C~1. Oxidation times are indicated in Fig. 4. The PDF numbers used are:
Mo<5SisC<1 43-1199; M@Siz 34-0371, Mo 42-1120; Si©39-1425; MoQ 05-0508 and MgC 31-0871.
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Figure 8 SEM micrographs of the oxidized surfaces of M&izC<1 after oxidation in air at: (a) 60 for 100 h, (b) 900C for 108 h.

according to reaction (1) when the oxygen is suffi-cause there is sufficient oxygen. The oxide scale formed
cient. However, if the oxygen is insufficient, the oxi- during oxidation at low temperatures (483-700C)
dation of Ma.5SizC<1 becomes complicated as indi- would be the mixture of Si@and MoQ, and the scale
cated by reaction (2). The parameterxp§, z, x1 and is porous in general as indicated by Fig. 8a. MoO
x2 depend on the oxidation conditions (like oxygenvolatilizes at a higher temperature, leaving a porous
partial pressure, temperatust,al). From the thermo- SiO, network. Although this porous SiQayer could
dynamic point of view, the oxygen tends to combinebecome denser through a viscous sintering mechanism,
with the silicon to form Si@ during oxidation in an the temperature would be too low to obtain rapid sinter-
oxygen-lean environment, because the free energy ahg to effectively close the pores. Also, the amount of
SiO; is much smaller than that of the other oxides.volatile material (MoQ and CQ) would be too great
The relative amount of MgSi3, Mo,C and Mo can be to close these pores easily as compared to the case of
determined through minimizing the free energy of theMoSi, oxidation. Fig. 8b shows a typical oxide scale of

system. the long time oxidation. It shows that pores still exist af-
ter oxidation for more than 100 h at 9@. Further ox-
Mo05SisC + X0, — yYM0sSiz + zM0,C + x1Mo idation of the substrate proceeds through the diffusion
) of reactants and oxidation products through this;SiO
+ X2SI0, () layer. The overall oxidation rate may be limited by the

diffusion of oxygen through the gas boundary layer and
Calculations show that the oxidation of M&i; can  the oxide scale, or by the governing reaction, or by the
be expressed by reactions (3) and (4), depending ogiffusion of oxidation products out through the oxide
the oxidation atmosphere. Reaction (3) is preferred iscale and the gas boundary layer. If the oxidation is lim-
an excessive oxygen environment, while the preferenited by the governing reaction or by the transfer of the
tial oxidation of silicon occurs in an oxygen-lean en- oxidation products, the partial pressure of oxygen must
vironment as indicated by reaction (4). The oxidationpe higher than the equilibrium partial pressure at the
of Mo,C would occur according to reactions (5) andinterface of the oxide scale and the substrate, and there-
(6), depending on the oxidation temperature and atmofore, selective oxidation will not occur. A molybdenum-
sphere. The selective oxidation of carbon is thermorich interlayer was actually formed, indicating that oxy-
dynamically preferred in an oxygen-lean environmentgen transportation is rate-limiting. The reaction rate in-
only whenthe oxidation temperature is abovE200K;  creases with increasing temperature. At IZD@nd
otherwise, the selective oxidation does not take prioritygphove, the rapid oxidation of M@SizC-1 produces a
Mo will finally be oxidized according to reaction (7). |arge amount of Mo@g) and CQ, which makes it
more difficult to reduce the porosity of the oxide scale
2MosSiz + 210, — 10MoGs + 6Si0;, (3) throughviscous sintering. The porous scale of Jifd-
. . vides little diffusion barrier of oxygen, resulting in poor
MosSiz + 30, — SMo + 3510, ) oxidation resistance of the material at high temperature.
Mo,C + 40, — 2MoO; + CO;, (5) Above 720C, reaction (1), (3) and (5)—(7) result in
a net weight loss, while other reactions generate a net
2M0,C + O, — 4Mo +2C0 ©) weight gain. The weight-change data in Fig. 4 reveal
2Mo + 30, — 2Mo0Os (7) that a net weight loss was observed together with the
formation of Mo and M@Si3 phases, indicating that the
The thermodynamic studies are in good agreemenueight-loss reactions dominate the whole process.
with the oxidation behavior of Mg;SisC-4 and the ox-
idation of Ma;Siz and MoSjp [22—-24], which revealed
the formation of a molybdenume-rich layer between the3.3. Oxidation of B-Mo-5SizC-4
oxide scale and the substrate. During the initial oxida-The addition of 2 wt% boron greatly improves the
tion period which starts at450°C, Mo<5SizC<1 must  oxidation resistance of the MgSi;C<; phase. The
be fully oxidized to form CQ, SiO, and MoQ be-  mass change behavior of B-MgBi3C<; from 600°C

868



20

600°C

(=]

1200°C

1300°C

Mass change (mg/cm?)

-201 1500°C
-400 20 40 60 80 100 120
Oxidation time (h)

Figure 9 Mass changes of B-M&SizC<; as a function of oxidation
time in air at 600C-1500C.

to 1500C is shown in Fig. 9. The oxidation behavior
of B-Mo-5sSisC<; in the ramping stage is similar to
that of Mo<5SizC<1 and is not shown in the figure. As
seenin Fig. 9, the oxidation behavior of B-Ms5i;C<4
is similar to that of MasSizC<1 between 600C and

A black scale formed after oxidation, in contrast to the
white scale formed on undoped MgSisC-;. The ox-
idized scale is a mixture of Mo SiO, and BOs at
600°C—800C, confirmed by XRD and EDS. The XRD
patterns of the oxidized surfaces are shown in Fig. 10.
No peak of BO3 was observed on the oxide scale, indi-
cating that the BO3; formed was amorphous. The SiO
formed at 1200C-1500C was cristobalite, while it
was amorphous at the other temperatures. The figure
clearly shows the formation of M&i3, Mo,C and Mo
phases at 100€-1300C, suggesting that the selective
oxidation of silicon occurred in the interface of oxida-
tion, primarily due to the same mechanism as previ-
ously noted. The oxidation behavior of B-Mg5isC~1

is more complicated than that of MgSisC-1, because
B-Mo.5Si3C<; is the mixture of MasSisC<1, MoSh,

SiC and MoB. Although thermodynamic investigations
of the oxidation of B-MaSizC; could not be accom-
plished due to the lack of thermodynamic data of the
Mo-B phases, the oxidation behavior of SiC and MoSi
are well established experimentally and thermodynam-
ically [22—26]. The oxidation of SiC would be active
(reaction 8) or passive (reaction 9), depending on the
oxygen partial pressure and the temperature. The ox-
idation of MoSp in oxygen-lean environments shows
the selective oxidation of silicon, as indicated by reac-
tion (10). The oxidation path of MoB is not very clear,

1000°C, except that the oxidation rate is much lowerand the overall oxidation reaction of the MoB phase

in the case of B-MasSizC<1. A big improvement in

the oxidation resistance was found at high temperatures

could be expressed as reaction (11).

(1200C-1500C). The oxidation rate slows by an order SIC+ 0, — SiO(g)+ CO 8)
of magnitude after oxidizing for 100 h at 120D, com- 2SiC+ 30, — 2SiG, + 2CO 9)
paring the complete oxidation of MgSizC~3 within . . .
several hours. The steady-state oxidation was observed SMoS, + 70, — MosSks + 7SI0; (10)
at 1200C-1500C after the initial rapid weight loss. 4MoB + 90, — 4Mo0O;s + 2B,03 (11)
+ MoSi, A Mo
* S0, --- MoSIC
=  MoB Mo,Si,
v MO, ¢ MoC 4500c
— o [RRE foorrn
(7p) (| TN RN ! I 1 11 1300°C
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Figure 10 XRD patterns of the oxidized surfaces of B-MgSizC~1 composite after oxidation at 600—-1500C. Oxidation times are shown in Fig. 9.
The PDF numbers used are: MgSizC<1 43-1199; M@Siz 34-0371, Mo 42-1120; Si©39-1425; MoQ 05-0508; MeC 31-0871; MoSi 41-0612
and MoB 06-0636.
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Figure 11 SEM micrographs of oxide scale formed on B-M&izC<; after oxidation in air at: (a) 60 for 15 h, (b) 1000C for 10 h, (c) 1500C
for 24 h (oxidized surface), (d)1500 for 24 h (cross section). Micrograph in (d) shows left to right, oxidation specimen, oxide scale and resin binder
used to secure sample.

The scale initially formed as a mixture of borosili- served with the formation of the Mo phase in the oxida-
cate glass and Mofs), and it is porous as exhibited by tion of B-MosSi3 at 800C-1000C [16], where a dense
Fig. 11a. MoQ(s) volatilizes extensively above 72D,  oxide scale formed and the strongest peaks of Mo were
leaving a porous borosilicate glass scale. With the aidietected by XRD. It should be noted that the real path
of B,O3, the porous scale can be easily densified, comef oxidation must depend on experimental conditions,
pared with the case of undoped Mg®isC<1. Asseenin  such as the surface topography of the oxide, tempera-
Fig. 11b, denser scales with pores here and there formddre, pressure and the flow pattern. Therefore, the ob-
after oxidation at 100CC for 10 h. No through-scale servation of a net weight gain or weight loss should be
porosity was found by SEM after oxidation at 8@3-  very sensitive to precise experimental conditions.
1100C. The pores may result from the volatilization
of MoO3 and B,Os, which have a high vapor pressure 3.4. Oxidation of SiC-Mo_5Si3C-1 composite
at these temperatures. Small pores in the scale providexidation tests have been also conducted on SiC-
short-circuit paths for oxygen transport to the oxida-MosSizC<; composites at 80C, 1300C and
tion interface, and quick oxidation occurs at the aread600C. The isothermal mass changes of the compos-
near the pores. Athighertemperatures and longer timege are shown in Fig. 12. A small weight loss was ob-
these pores can be closed through the viscous sinterirggrved during the initial period of oxidation, due to the
mechanism. SEM observations confirmed that denseolatilization of MoQ; caused by the oxidation of the
scales without pores and cracks formed after oxidizMo-5SizC<1 phases. After the initial stage, the weight
ing at 1200C-1500C, as exhibited by Fig. 11c and d. of the samples slowly increases, and the oxidation be-
The improvement in oxidation resistance provided byhavior of the composite turns into passive oxidation.
boron addition is obviously attributed to the formation The oxidation resistance of the composite at T&0
of a dense oxide scale, which provides a good diffusions fairly good and is comparable to that of the SiC
barrier of oxygen at high temperatures. film [27]. Fig. 13 shows the micrographs of the oxi-

The oxidation behavior of B-Mg;SizC-4 is similar  dized surface at 80€ and 1300C. The bright phases
to that of B-Ma;Siz which is a mixture of MgSi3, MOB  inthe microstructure of Fig. 13a are detected to beSiO
and MoSj [16], except that weight gain was observed which may result from the oxidation of the MgSisC~1
between 1050C and 1300C in the case of B-MgSis. phases. A dense SjQayer with micro cracks formed
Although weight gain is associated with the formationafter oxidation at 130G for 100 h, as exhibited by
of MosSiz and Mo phases, Mo can come out of the denséd-ig. 13b. The micro-cracks on the oxide film probably
oxidized film through diffusion, concurrently with the result from thermal expansion differences between the
formation of Mo, and the subsequent oxidation of Mo substrate and the silica layer that put the film in tension
may cause a net weight loss. Weight loss was also olmwn cooling [28]. The XRD patterns in Fig. 14 show that
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the silica formed at 130Q is a cristobalite. The peaks 4. Conclusions
of the Me,C, MosSiz and Mo phases, which are due to The oxidation resistance of MgSi;C-;-based mate-

the partial oxidation of the MgSisC~; phases, were

also found in the XRD pattern.
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Figure 12 Mass changes of SiC-MgSizC<1 composite as a function

of oxidation time in air at 80TC, 1300C and 1606C.

120

rials was investigated in the present study. Monolithic
Mo-5SizC.; and B-Ma.5SisC<; composite were syn-
thesized by hot pressing from raw powders of Mo, SiC,
MoSi, and B. SiC-Ma;SisC<; composite was fabri-
cated through melt infiltration process at 2160

The oxidation resistance of monolithic MgSi;C<;
was tested from 50C to 1300C. Monolithic
Mo.5SizC~1 compact exhibits poor oxidation resis-
tance at 1200C and above. The specimens were com-
pletely oxidized into powdery Sigwithin several hours
at these temperatures. A mixed $i¥oO3 oxide ini-
tially forms, covering the surface of the specimen. At
approximately 720C, MoO;s quickly volatilizes, leav-
ing a porous layer of Si© The pores in the layer are
difficult to close entirely by viscous sintering mecha-
nism due to the low temperature and the volatilization
of MoOs. The porous scale of Siprovides little dif-
fusion barrier of oxygen, resulting in poor oxidation
resistance of the material at high temperatures. Ther-
modynamic simulations demonstrated that the selective
oxidation of silicon in Ma.sSizC<; was preferred dur-
ing oxidation in an oxygen-lean environment. §%a;,
Mo and M@C phases thus formed due to this selective
oxidation. The calculated results are in good agreement

Figure 13 The surface morphologies of SiC-MgSizC<1 composites after oxidation in air at: (a) 8@for 106 h and (b) 130G for 110 h. The
bright phases in (a) are Si@nd the dark phases are detected to be SiC by EDS.
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¢ Mo,C ¢ SiC
* M05Si3 v Si02
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Figure 14 XRD patterns of the oxide scale of SiC-MgBisC~1 composite after oxidation at 800 for 106 h and 1300 for 110 h. The PDF
numbers used are: MgSizC~1 43-1199; M@Siz 34-0371, Mo 42-1120; Si©39-1425; MeC 31-0871 and SiC 29-1131.
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with the experimental data, which showed the forma- 6.
tion of MosSi3, M0o,C and Mo phases.

In order to improve the oxidation resistance of ’
the Mo<sSisC.; phase, boron was added to the 8.
Mo5Si3C<1 phase. The addition of 2 wt% boron pro-
duced a composite with three other phases of MoSi 9.
MoB and SiC, which showed remarkable improvement

in oxidation resistance. The pores which resulted from™%-

the volatilization of MoQ, could be easily closed to
form a dense layer of Sixhrough the viscous sinter-
ing mechanism with the aid of 3. A dense layer of
SiO, formed after oxidation at 120€—-1500C. The

improvement in the oxidation resistance provided by**

boron addition is attributed to the formation of a dense14

oxide scale, which provides a good diffusion barrier of 5.
oxygen at high temperature. The selective oxidation ofie.
silicon also occurred in the interface between the oxidé 7-

scale and the substrate.

The oxidation tests were also conducted on SiC-
Mo-5SizC~1 composites at 80, 1300C and 1600C 18.
for more than 100 h. There is slight weight loss duringzoe.
the initial oxidation period due to the volatilization of
the MoQ; phase. After this initial stage, passive ox- 2%
idation was observed. The oxidation resistance of the,
SiC-Mo.5Si3C<1 composite is fairly good. A dense ox-
ide film formed after oxidation at 130Q and 1600C

for 100 h. 22.

23
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