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Oxidation behavior of hot-pressed
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The oxidation behavior of a hot-pressed MoSi,-TiC composite was investigated in air over
the temperature range of 500°C-1400°C. The composite exhibits parabolic oxidation
kinetics between 500°C-800°C, where the activation energy was calculated to be 32 kJ/mol.
However, above 800 °C, it shows two-step parabolic oxidation kinetics, where the first stage
(step 1) was proposed to be dominated by the oxidation of surface TiC particles. After all the
surface TiC particles are oxidized, the oxidation of the composite turns into the second
stage (step IlI) which was controlled by the oxidation of MoSi,. The activation energy was
determined to be 130 kJ/mol and 141 kd/mol for step | and step I, respectively. A dense
cristobalite scale with TiO, in lath shapes on the top was observed after oxidation at
1400°C. © 2001 Kluwer Academic Publishers

1. Introduction reinforcement. In another study, a significant increase
Molybdenum silicide (MoSi) has been proposed in the fracture toughness (from 2.11 to 9.82 MRH?)

as a promising intermetallic compound for high was demonstrated by Pled al. [14] on a hot-pressed
temperature structural applications due to its highMoSi,-20 vol% TiC composite, which is in agreement
melting-point (~2020°C), excellent high-temperature with our preliminary studies concerning the mechani-
oxidation resistance and brittle-to-ductile transitioncal properties of the MoiTiC composite. Despite the
(BDT) above~1000°C [1-4]. Above the BDT temper- fact that TiC has a great potential to reinforce MoSi
ature (BDTT), the failure behavior of MoSbecomes through further optimizing the microstructure and com-
more predictable, and it could be processed via converposition, the high-temperature oxidation resistance of
tional metallurgical processing like hot deformation. the composite is one of the major concerns because TiC
However, due to the same property, the strength oéxhibits poor high-temperature oxidation resistance
MoSi, decreases with increasing temperature aboveompared with that of Mo$i15]. Up to now, detailed
the BDTT. Moreover, MoSi exhibits a low fracture studies on the oxidation behavior of the MgSiC
toughness at ambient temperature [5]. Therefore, it isomposite have not yet been reported in the literature.
necessary to toughen the material at low temperature The main objective of the present study is to investi-
(below the BDTT) while simultaneously improving the gate the oxidation behavior of a hot-pressed MeBC
strength at high temperature (above the BDTT) beforecomposite with some attention to the oxidation thermo-
MoSi, could be used in high-temperature structuraldynamics of this system.

applications. These two goals can be accomplished

by alloying with other silicides or by compositing 2. Experimental procedure

with particulates or whisker reinforcement [1]. Much 2.1. Sample preparation

effort has thus been made to reinforce Mo8iith  The MoSp-TiC composite was synthesized through
SiC particulates or whiskers [1,6-9]. TiC is anotherhot-pressing from the raw powders of Me%6 m,
potential reinforcement for Mogias (1) TiC was Japan New Metals) and TiC (1dm, Japan New Met-
reported to have a brittle-to-ductile transition aboveals). The MoSi powder was first wet-ball milled in
600°C [10]; (2) the thermal expansion coefficient of alcohol for 72 h, and then the milled MagSwvas mixed
TiC is nearly the same as that of Mg@dil0]; and  with the TiC powder to form a powder mixture with a
(3) TiC is chemically compatible with Mogiat least MoSi,-20 wt% TiC compoasition, followed by dry ball-
up to 1600C [1,2,10]. The MoSi-TiC composites milling for 24 h. Free carbon up to several percent was
have been fabricated through the hot pressing (HP3lso added to the mixture as the deoxidant to remove the
process [11,12] as well as the self-propagation highSiO, phases during HP. The mixture was then packed
temperature synthesis (SHS) technique [13]. Yetred ~ into a graphite die, followed by hot-pressing under an
[11,12] reported a decrease in the fracture strength oapplied pressure of 25 MPa at 14@-1700°C for
hot-pressed Mo$%i20 vol% TiC composites compared 0.5-2 h. The resultant disks were 12 mm in diameter
with that of monolithic MoSi, where the decrease was and about 6 mm in thickness. Approximately 1 mm was
attributed to the nonuniform distribution of the TiC ground outfrom each surface ofthe disk to eliminate the
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region possibly affected by the graphite die. The room+espect to microstructure and scale composition using

temperature fracture strength was measured by a threthe SEM/EDS and XRD.

point bending fixture with an outer span of 10 mm under

a crosshead speed of 0.5 mm/min in air. Specimens fa8. Results and discussion

this test were cut and ground into rectangle bars witl8,1. Composite synthesis

nominal dimensions of 4 mm 2 mmx 12 mm. It is relatively easy to densify the MoSTiC com-
The microstructure of the Mo&iTiC composite  posite by HP under 25 MPa. For example, a one-hour

was characterized using an optical microscopy angipP at 1600C is sufficient to obtain composites with

a scanning electron microscopy (SEM). An energy-a relative density greater than 98%. However, inves-

dispersive X-ray spectrometer (EDS) was used to detetigations revealed that the composite contained many

mine the composition of the composite. The crystallinespherical Si@ phases that resulted from the slight ox-

phases were evaluated using an X-ray diffractometejdation of the MoSi raw powder. Therefore, free car-

(XRD). The density of the samples was determined byhon was added to remove the Siphases, and sev-

Archimedes’ principle using water. eral percent proved to be sufficient to remove the,SiO
o phases. Fig. 1 shows a typical XRD pattern of the com-
2.2. Oxidation tests posite with 1 wt% carbon addition. All peaks fit very

Oxidation tests were performed under natural convecwell with the tetragonal MoSi(PDF 41-0612) and cu-
tion conditions in air from 500C to 1400°C for 100 h  bic TiC (PDF 71-0298). The typical microstructure of
using athermogravimetric analyzer (DT-300, Shimatsithe composite is shown in Fig. 2, together with the
Corp., Japan). The sensitivity of this system could reach
0.001 mg, and the accuracy of 0.01 mg was commonly
usedinthe presentstudy. The furnace of this systemwa .
changed to heat by tubular silicon carbide to achieve
testing temperatures above 13@ Oxidation speci- &
mens were cut from the disk and ground to the nomi-&
nal dimensions of 4 mm 3 mmx 2 mm, followed by =
polishing in successive steps tauin. They were then
ultrasonically cleaned in acetone and water, and driec
at 110°C for 2 h before the oxidation tests. The speci- JJ

e MoSi,
¢ TiC

7]
c
2
£

men was supported by a high-purity alumina crucible.
The temperature of the specimen was then increased 1
the designated temperature at the rate 6fC@nin and . . . )
held for 100 h, followed by cooling to 40@ at the 20 0 ) 60 80
rate of 20°C/min. The mass change and temperature

were continuously recorded by a personnel computeigure 1 Typical XRD pattern of the Mo$i20 wt% TiC-1 wt% C
After oxidation, the samples were characterized withcomposite.

it Mol al

Figure 2 Typical microstructure of the Moi20 wt% TiC-1 wt%C composite. The composite was hot-pressed at’1B@fr 1 h. As indicated by
the elemental distribution map, the dark phases are TiC phases, and the grey phases apbaseSi
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TABLE | Fracture strength of the MoSTiC composite stances are included in the thermodynamic simulation,
. . namely, the gas phases: airy(ldnd @), CO, CQ,
MoSir-20 wt%  MoSp-20 witH . . . .
Monolithic  TiC (no carbon  TiC (1 W% " SiO(g), MoGy(g), MoOs(g), TiO(g) and TiQ(g); lig-

Material MoSh addition) carbon addition)  Uid phase: Mo@(l); and solid phases: M&iz, MoSk,
Mo3Si, MoC, MG,C, SIiC, TiC, TgSis, TiSi, TiSi,
Fracture 335 481 689 Mo, Ti, C (graphite), Si, Si@ MoO,, MoOs, M04O11,

strength (MPa) MogO23, MogOys, TiO, TiO, (rutile), TiO, (anatase),

Ti»03, TizOs and TiO;. All thermodynamic data are

o ) ] taken from references [18, 19]. The chemical compati-
elemental distribution of Si, Mo and Ti. The dark pjjity hetween MoSj and TiC, the interface stability of
phases are TiC phases and the gray phases are tg:/Si0, and MoSj/TiO, and the phase changes dur-
MoSi, matrix. No other phases were detected byjng oxidation were studied up to 2000 K. It is reported
the SEM/EDS. These investigations confirmed thagnat atomic oxygen can replace the carbon to form the
the composite is only composed of MeSind TiC  gxycarbide, TiGO;_x(x < 0.5) [20], the TiGO1_y is
phases, although some grain-boundary ;Sphases ot considered in the present simulation due to the lack
may exist and can not be detected by the SEM/EDSy¢ thermodynamic data.

and XRD investigations.
The room-temperature fracture strength of the com- ) o

posite was determined to be 681 MPa as listed in3-2-1. Chemical compatibility between

Table I. The strength of the monolithic MgSand MoSi; and TiC _ _

MoSi,-TiC without carbon addition is also included in The calculations revealed that MeSs chemically

icantly strengthened by the TiC particles and a furthefth€ previously reported experimental and simulated re-

strengthening effect is achieved after removing the silsults [1, 2] Pho et al. [14] reported that SiC and48@

ica phases from the composite through carbon additiorPPeared after hot-pressing on a MeSiwt% TiC

This is in good agreement with the results reported bys0Omposite. This discrepancy is attributed to the slight

Maloy et al. [8], where the MoSi was found to be oxidation of the Mo_Sg raw povyder, where accordlng

toughened by 2 wt% carbon addition, which was at-t0 the ther.mOQynamlc qalcula‘uon, sma_ll_amount ofS|C

tributed to the absence of SiPhases and the presence @nd MaSiz will appear if the system initially contains

of SiC and Mg@SisC phases. The strengthening effectssmall amquntofS@ The_thermodynamlc calculations

in the present study may be mainly due to the absenc@lso predicted that the SiC and ¥&i; phases appeared

of the SiG phases as SiC, M8isC and other phases when carbon was used as the deoxidant to remove the

were not detected after the carbon addition. SiO, phases, which is inconsistent with the experimen-
tal results of Maloyet al. [8], where the M@SisC (also

] known as the Nowotny phase) and SiC were actually
3.2. Thermodynamics of the formed (the MoSiis the main phase). It should be noted
Mo-Ti-Si-O-C system that the M@SisC phase was not included in this sim-

The objectives of this study are to investigate the chemiy|ation due to the lack of accurate free energy data of

cal compatibility among various phases at elevated temhjs phase. Therefore, this calculation can not exclude
peratures and to elucidate the phase changes durifge existence of the M@isC phase.

the oxidation process. The thermodynamic study was
based on minimizing the free energy [16] as indicated

by equations 1 and 2. 3.2.2. Interface stability of TiC/SiO, and
MOSiz/TiOz
M N Several kinds of interfaces may appear after oxidation
Min: G = Z Ni i (1)  of the composite. Among them, the Si®loSi, and
j=1i=1 the TiG,/TiC interfaces would be thermodynamically
M N stable. The calculations showed that the TiC/Si®
Conservation of Mass Z ajn = B; terface is also thermodynamically stable during oxida-
i tion, which implies that the SiC/TiQinterface is not

thermodynamically stable and tends to react to form
SiO, and TiC as indicated by reaction (3). However,
the MoS/TiO; interface was predicted to be unstable
based on the thermodynamic simulation. MoSould

(1=212,...,N) (2

whereG is the total free energy of the system,is the

:ﬁta_l t;r)]has;zstin the_systerm\, ii.ﬂée n;olar q”?ﬂtiti’ of react with TiQ according to reaction (4), where for ex-
eith substance in a specified phadg, is the t0- 510 ‘411400 K the free energy ofthe left side and right

tal number of substances in thj¢h phasey; is the e 229 Kk 42 979 k Vel
chemical potential of thgth substance under the spec- side 1s—808.229 kJ and-842.279 kJ, respectively.

ified condition, N is the number of elements in the SiC + TiO, = SiO, + TiC 3)
systemga;; is the molar quantity of thgth element in

theith substance in a specified phase &ndks the total MoSi; + TiO, = 0.25SiG + 0.5Tio O3

molar quantity of thejth element in the system. The . .
thermodynamic simulation was performed using pre- +0.8215MoS; + 0.0357Ma;Si
viously developed software [17]. The following sub- (4)
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3.2.3. Oxidation thermodynamics of the 20 1400 °C
MoSi»-TiC composite
It is well known that the oxidation behavior of silicide
is sensitive to the oxidation environment (oxygen par- . -
tial pressure, etc.). Such dependence is also manifeste§ 14
in the MoSp-TiC composite. If there is sufficient oxy-
gen during the oxidation, the oxidation behavior of the & ,,
composite is quite simple, e.g., every substance will be £
oxidized to the most stable oxide like GG5IO, and
TiO; (rutile) as indicated by reactions (5) and (6). 1000°C

0.4 //—_/’_/80_070

MoSi, + 3.50, = MoOs + 2Si0, (5) 02 Mg

TiC 4 20, = TiO, (rutile) + CO,  (6) O T w . w 0w
Oxidation time (h)

Howe\_/er, _'f the oxygen 1S mSUff'C'en_t in the system, Figure 3 Oxidation-induced mass changes of the MeBIC composite
the oxidation behavior of the composite becomes comas a function of oxidation time in air at 508-1400°C.

plicated. It generally shows the selective oxidation
of silicon on the MoSi phases as shown by reac-
tions (7) and (8). The reaction that would take prior-
ity depends on the oxidation conditions and could b
determined through the thermodynamic simulation. O
the other hand, it tends to form;0; on the TiC con-
stituent as expressed by reaction (9). Unlike the MpSi .

: ST ~MoOs. The absence of Mofpeaks in the XRD pat-
the formation of metallic titanium is not thermodynam tern combined with the fact that MaQuhiskers that

ically preferred in oxygen lean environments. Thermo- . L .
o : : are commonly observed during the oxidation of MpSi
dynamic simulations aiso predict that Mophase may and other silicides [22, 23] were not found, suggests

form together with MgSis or Mo under certain circum- that MoQ; formed is amorphous. Pest disintegration

1200 °C

(mg/
F

Mass chan
o
(=]

the oxide scale at 50@ shows two distinct areas, mir-
roring the makeup of the composite. Bright phases are
eTiOz phases that resulted from the oxidation of surface
"ric particles, while the grey phases are Mpfhases
covered by an oxidation-induced mixture of Siénd

stances. of MoSi, was not observed at 50Q possibly due to
. . . the limited oxidation time (100 h) as pest disintegration
SMoSg + 70, = MosSis + 7SI, (") needsa long nucleation (incubation) period [23], or due
MoSi, + 20, = Mo + 2Si0, (8)  to the high-density of the composite because a recent
) i study of the low-temperature oxidation of Mg@Se-
2TC +2.50, = Ti0s +2C0O ) vealed that pest did not occur in dens€6%) MoSp

for exposure times up to 588 h [24]. The oxide scale
As previously reported [21], the further oxidation of gt 600°C and 800C is similar to that at 500C as
MosSiz can be expressed by reactions (10) and (11)exhibited by Fig. 4b and c. The growth of Tids at-
depending on the oxidation atmosphere. Reaction (1Q}ibuted to the oxidation-induced volume expansion of
is preferred in an excessive oxygen environment, whilehe TiC phases, where according to reaction (6), the
the preferential oxidation of silicon occurs in an oxidation of TiC will generate a volume expansion of
oxygen-lean environment as indicated by reaction (11)54%. The XRD pattern in Fig. 5 indicates that the TiO
formed at these temperatures is rutile. The oxide scales
2MosSisz + 210, = 10MoG; + 6Si0O,  (10)  at 1000°C-1400°C consist of an outer rutile layer and
. . an inner silica layer as shown in Fig. 4d to f. Fig. 4f
MosSis + 30, = SMo + 3SIC; (1) 4emonstrates a dense cristobalite scale with, TiO
a lath shape on the top after oxidation for 100 h at
3.3. Oxidation behavior 1400°C. The micro-cracks on the oxide film have been
The ox|dat|on_|nduced |Sotherma| mass_changes are |ﬁttr|buted to the thermal stress that resulted from ther'
lustrated in Fig. 3. The oxidation behavior of the com-mal expansion differences between the substrate and
posite generally follows a parabolic law. Weight gain the silica layer [25]. The dense silica film is a good
was observed in all temperatures investigated. As prearrier to oxygen diffusion, providing good oxidation
viously stated, the oxidation of the composite in excesTesistance for the composite at high temperature.
sive oxygen environments proceeds according to re- 1he weight change behavior of the composite is cor-
weight-gain of 74% if the Mo@does not evaporate at 5
all, whereas it is a net weight-loss of 21% if the MpO R = kpt (12)
totally evaporates. The oxidation of TiC will generate a
netweight-gain of 33%. The competition of the weight- whereR is the oxidation rate in mg/cfrandk, is the
loss and weight-gain reactions determines the weighparabolic rate constant. The calculateéi—t curves
change behavior during the oxidation. The oxide scal@re shown in Fig. 6. It shows that tH# vs.t curves
below 800°C would be a mixture of Sig TiO, and  are linear up to 800C, whereas at 100@ and above,
MoOs. As exhibited by the SEM photograph in Fig. 4a, it shows a “two-step parabolic oxidation,” suggesting
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Figure 4 SEM micrographs of oxide scales formed on the MeBIC composite after oxidation in air at: (a) 500 , (b) 600°C, (c) 800°C,
(d) 1000°C, (e)1200C, and (f)1400C.

a change in the oxidation mechanism at these temperfdized within a short time. After all the surface TiC
atures. The parabolic rate constaptvas determined particles are oxidized, the oxidation of the compos-
from the slope of th&? — t curves in Fig. 6 and plotted ite would be controlled by the oxidation of the MeSi
aslnk,~1/T in Fig. 7 for determining the activation phases, which results in the “two-step” oxidation be-
energy. The activation energy at 580-800°C was havior, where step | is mainly dominated by the oxi-
calculated to be 32 kJ/mol. This is in good agreementlation of the surface TiC particles. This point can be
with the activation energy values of 42—71 kJ/mol re-confirmed by comparing the oxidation activation en-
ported for the oxidation of TiC at 42@-500°C by ergy with that in the literature. The activation energy
Shimadaet al. [26], suggesting that at 500-800 the  for step | was determined to be 130 kJ/mol, which is
oxidation of the composite was dominated by the ox-in reasonable agreement with the value of 190 kJ/mol
idation of the surface TiC particles. As indicated by reported for the oxidation of the ADs-30 vol% TiC

the XRD patterns in Fig. 5, the surface TiC particlescomposite at 906C-1100°C, where the rate limiting
are not totally oxidized even after 100 h oxidation atstep was assumed to be the diffusion of oxygen through
500-800°C, so theR? —t curves only manifest one the TiG; layer[27]. The activation energy for step Il was
linear stage. However, the oxidation rate of TiC in-determined to be 141 kJ/mol, which is in good agree-
creases with increasing temperature. At 100Gand  ment with the values of 113—-121 kJ/mol reported for
above, the surface TiC particles could be totally ox-the oxygen diffusion over vitreous silica film [28-30],
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Figure 5 XRD patterns of the oxidized surfaces of the Mp3iC
composite after oxidation at 50€—1400°C in air for 100 h.
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Figure 6 Parabolic plots of weight gain for oxidation of the M@SiiiC
composite.
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Figure 7 Arrhenius plots of parabolic rate constakg)(for oxidation of
the MoSp-TiC composite.

products through the oxide scale. The overall oxida-
tion rate may be limited by the diffusion of oxygen
through the gas boundary layer and the oxide scale, or
by the governing reaction, or by the diffusion of ox-
idation products out through the oxide scale and the
gas boundary layer. If the oxidation is limited by the
governing reaction or by the transfer of the oxidation
products, the partial pressure of oxygen must be higher
than the equilibrium partial pressure at the interface
of the oxide scale and the substrate, therefore, selective
oxidation will not occur. A molybdenume-rich (M&is3)
interlayer was actually formed, indicating that oxygen
transportation is the rate-limiting step. This combined
with the activation energy of 141 kJ/mol may sug-
gest that the rate-limiting step is the oxygen diffusion
through the oxide scale.

4. Conclusions
The MoSp-TiC composite was fabricated by HP un-
der 25 MPa. Free carbon was added to remove the
SiO, phases during the HP. Preliminary investigations
showed that MoSicould be significantly strengthened
through compositing with TiC.

The thermodynamic study shows that Mg&nd TiC
are chemically compatible up to at least 2000 K. It also
revealed that the oxidation of the composite in oxy-
gen lean environments is complicated, and reactions
for the selective oxidation of silicon and the formation
of Ti,O3 are thermodynamically preferred under such
conditions.

The oxidation behavior of the composite was tested
in air over the temperature range of 5@-1400C.
Parabolic oxidation kinetics were observed between

and the value of 112 kJ/mol calculated from the oxi-500°C—800°C, where the activation energy was calcu-

dation data reported for the MgS8IC composite at
1300°C and 1400C in air [31].

lated to be 32 kJ/mol. However, at 100D and above,
it shows a two-step parabolic oxidation kinetics, where

The thermodynamic studies are in reasonable agredhe first stage (step |) was proposed to be dominated by
ment with the experimental data, which revealed thethe oxidation of surface TiC particles. After all the sur-

formation of Mg;Siz between 800C and 1200C. Dur-

face TiC particles are oxidized, the oxidation changes

ing the initial oxygen period, the composite would beto the second stage (step Il) that was controlled by the
fully oxidized to SiQ, TiO, and MoQ; because there oxidation of MoSj. The activation energies were de-
is sufficient oxygen. However, after an oxide scaletermined to be 130 kJ/mol and 141 kJ/mol for step |
(porous or dense) forms, further oxidation could onlyand step Il, respectively. A dense cristobalite scale
proceed via the diffusion of reactants and oxidationwith TiO, in lath shapes on the top was observed after
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oxidation at 1400C. The dense SiPscale is a good

barrier to oxygen diffusion at high-temperature, provid-
ing good high-temperature oxidation resistance for the-®-

composite.
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