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The growth Kkinetics and silicon diffusion coefficients of intermediate silicide phases in MoSi,-3.5 vol.%
Si3N4-5.0 vol.% WSi,/Mo diffusion couple prepared by spark plasma sintering were investigated in tem-
peratures ranging from 1200 to 1500 °C. The intermediate silicide phases were characterized by x-ray
diffraction. The microstructures and components of the MoSi,-SizN,-WSi,/Mo composites were investi-
gated using scanning electron microscope with energy-dispersive spectroscopy. A special microstructure
with MoSi, core surrounded by a thin layer of (Mo,W)Si, ring was found in the MoSi,-SizN4-WSi, com-
posites. The intermediate layers of MosSiz and (Mo,W)sSi; in the MoSi,-Siz;N4,-WSi,/Mo diffusion couples
were formed at different diffusion stages, which grew parabolically. Activation energy of the growth of
intermediate layers in MoSi,-3.5 vol.% Si3;N4-5.0 vol.% WSi,/Mo diffusion couple was calculated to be
316 =23 kJ/mol. Besides, the hindering effect of WSi, addition on the growth of intermediate layers was
illustrated by comparing the silicon diffusion coefficients in MoSi,-3.5 vol.% Si;N4-5.0 vol.% WSi,/Mo and
MoSi,-3.5 vol.% Si;N4/Mo diffusion couples. MoSi,-3.5 vol.% SizN4-5.0 vol.% WSi, coating on Mo sub-
strate exhibited a better high-temperature oxidation resistance in air than that of MoSi,-3.5 vol.% Siz;N,4
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1. Introduction

Refractory metal molybdenum (Mo) is usually used as a
structural material due to its excellent properties, such as high
melting point (2620 °C), good corrosion resistance, admirable
high-temperature strength and rigidity, and high creep resistance
(Ref 1, 2). However, due to the generation of volatile oxide
MoO;, the oxidation resistance of Mo is poor. It is this awful
oxidation resistance that hinders the widespread application of
Mo and its alloys at high temperatures (Ref 3, 4). In order to
broaden the field of Mo applications at high temperatures,
different kinds of coatings were fabricated on the surfaces of Mo
and its alloys (Ref 5-8). Molybdenum disilicide (MoSi,) has an
excellent high-temperature oxidation resistance, which makes it
the most promising coating material for Mo, Nb, and C/C
composites (Ref 9-12). The great high-temperature oxidation
resistance of MoSi, is due to its formation of a protective, glassy
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silica (SiO,) layer on the surface, which blocks oxygen from
further intruding into internal of MoSi,.

For applications of MoSi, coating on Mo substrate, one of
the biggest challenges was the degradation of MoSi, phase at
elevated temperatures. In the use of MoSi, coating, the SiO,
and MosSi; phases were formed on the surface of the coating.
At the meantime, diffusion reaction occurred between MoSi,
coating and Mo substrate, which resulted in the degradation of
interfacial phase MoSi, into MosSi3 and/or Mo;Si phase. The
MosSi; layer grew simultaneously in two directions, which led
to a rapid decrease in the thickness of the MoSi, phase. When
MoSi, phase completely disappeared, the oxidation reaction
was accelerated, since MosSi3 phases cannot preform as a
protective silica layer as MoSi, phase did. In this case, the
lifetime of MoSi, coating depended strongly on the growth of
intermediate silicides. Thus, the growth kinetics of the inter-
mediate silicides formed in the MoSi,/Mo diffusion couples has
been extensively investigated to predict the lifetime of MoSi,
coating (Ref 13-17). Tortorici et al. (Ref 18) found that the
MosSi; and MosSi layers grew simultaneously with a parabolic
rate law at the early annealing stage. Christian et al. (Ref 19)
reported that the dominant diffusion element in MoSi, was Si,
while Yoon et al. (Ref 20) confirmed that Si was a primary
diffuser via ZrO, maker experiment. These results indicated
that the key to increase the lifetime of MoSi, coating was to
decrease the diffusion rate of Si element. It was found that
MoSi, composite coatings possessed a better oxidation resis-
tance than single MoSi, coating. Wang et al. (Ref 21)
developed MoSi,/MoB composite coating on Mo substrate
via chemical vapor deposition and found after 80 h oxidation at
1300 °C in air, the weight gain rate of MoSi, single coating
was higher than MoSi,/MoB composite coating. Wang believed
that the MoB phase hindered Si element diffusing into Mo
substrate and extended the service life of the coating. In our
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recent works, MoSi,, MoSi,-SizN,, and (Mo, W)Si,-SizNy
coatings were successfully synthesized on Mo substrates
through in situ pack cementation (Ref 22, 23). And the
(Mo,W)Si,-Si3N, composite coating exhibited a better oxida-
tion resistance than other two coatings. It was thought that the
impediment of Si diffusion by W element contributed to its
better oxidation resistance.

The MoSi,-SizNy/Mo diffusion couples prepared by spark
plasma sintering (SPS) were studied in our previous work,
suggesting that the addition of Si;N4 played a significant role
on oxidation properties and microstructures of MoSi,-SizNy4
coating (Ref 24). In the present work, the similar method was
carried out to investigate how W element behaved when it was
added in MoSi,-Si3Ny-WSi,/Mo diffusion couples. The silicon
diffusivity of the MosSi; phase was quantitatively calculated on
MoSi,-3.5 vol.% SizNy/Mo and MoSi,-3.5 vol.% SizNy-
x vol.% WSi, (x=2.0, 4.0, 5.0 and 6.0) diffusion couples
annealed at a temperature in the interval between 1200 and
1500 °C. The growth kinetics and silicon diffusion coefficients
of intermediate silicides were investigated to improve our
understanding on the fundamental mechanism on oxidation
resistance by the addition of W element.

2. Experimental Procedures

Commercial MoSi, (3-5 pm, purity > 99.5 wt.%), WSi, (3-
5 um, purity > 99.5 wt.%), and SizN4 (3-5 pm, purity > 99.5
wt.%) powders were original materials to fabricate the compos-
ites. MoSi, and 3.5 vol.% SizN, powders were ball-milled with
2.0, 4.0, 5.0, and 6.0 vol.% WSi, powders, respectively, for 10 h
in a steel bottle using WC balls within the atmosphere of argon
until the powder particles were uniformly distributed. The
mixture powders were crushed and passed through a 200-mesh
sieve. Mo metal plates (purity > 99.95 wt.%) were cut into
pieces of 5 mm x 5 mm x 1 mm and polished with 800 grit SiC
papers, then ultrasonically cleaned in ethanol, and dried. Mo
plates were settled in the middle of the mixture powders and then
filled in a cylindrical graphite die of 30 mm in diameter. The as-
received mixtures were sintered in the SPS furnace. The detailed
spark plasma sintering procedures were depicted in our previous
study (Ref 24). The designation and composition of the samples
in this investigation are presented in Table 1.

The SPS diffusion couples were annealed in an alumina tube
furnace at temperatures range from 1200 to 1500 °C for various
periods of time up to 192 h in Ar atmosphere. The alumina tube
was evacuated <10~ MPa and backfilled with Ar gas, and
these procedures were repeated three times before the annealing
treatment. High-temperature oxidation test was conducted at
1450 °C in air for a maximum duration of 384 h. Samples were
placed in the hot zone of a furnace in a high-purity alumina
crucible. The samples oxidized for a period of time were taken

Table 1 Designation and composition of diffusion couples

out from the furnace, followed by cooling to room temperature.
The mass change during the high-temperature oxidation was
calculated by weighing a balance with a resolution of 0.1 mg.
The surface and cross sections of diffusion couples were
polished successively with 400-, 600-, 800-, and 1000-grit SiC
papers, then ultrasonically cleaned in ethanol, and dried. The
crystalline phases were characterized by x-ray diffraction
(XRD, PANalytical X’Pert PRO, Holland). The microstructures
were observed by scanning electron microscopy (SEM, ZEISS
EVOI18, Germany) with simultaneous chemical analysis by
energy-dispersive spectroscopy (EDS, Oxford Instrument
X-maxN, UK). The thicknesses of intermediate layers formed
in diffusion couples were measured by SEM with a micrometer
attachment. At least ten measurements were taken for the
intermediate layers, and the mean thickness was determined.

3. Results and Discussions

Figure 1 shows XRD patterns taken from the polished
surface of MSW5.0/Mo diffusion couple. The XRD patterns of
original composite powders before SPS processes were pro-
vided as a comparison. It is composed of (Mo,W)Si, phase and
a small amount of Si3N, and MosSi; phases. The peaking
positions of (Mo,W)Si, solid solution are basically coincident
to XRD peaks of MoSi, and WSi, phases. MoSi, and WSi,
have the similar long-range order structures and the adjacent
lattice parameters. When some Mo atoms in MoSi, crystals are
replaced by W atoms, (Mo,W)Si, solid solution is formed.
Similarly, the (Mo,W)sSi; solid solution is formed in Fig. 1.

Figure 2 shows the backscattered electron (BSE) images and
EDS results taken from the surface of sintered composites.
Figure 2(a) shows that in addition to a trace of porosity, the
composite is composed of gray (A), gray-white (B), white (C),
and black (D) phases. The EDS analysis of point A shows that
the gray phase is composed of Mo and Si elements, and the Mo
to Si atomic ratio is 1:2.27 in Fig. 2(b), which is closed to
stoichiometric ratio of MoSi,. It is also found in Fig. 2(a) that
the gray phase is surrounded by a thin layer of gray-white
annular phase (B). The EDS analysis of point B in Fig. 2(c)
shows the gray-white phase is composed of Mo, W, and Si
elements, and the (Mo,W) to Si atomic ratio of gray-white
annular phase is closed to 1:2. This indicates that the crystal
grain of the MSW composites after spark plasma sintering
shows a special ring-core structure, whose ring is (Mo,W)Si,
phase and the core is the MoSi, phase. Figure 2(d) shows the
(Mo,W) to Si atomic ratio of point C is closed to 5:3, which
indicates the white phase is (Mo,W)sSiz. The EDS analysis of
point D shows the round black phase is mainly SizN, in
Fig. 2(e), which is mainly distributed in the grain boundary as
described in Ref 25. Obviously, all of the EDS analyses are
consistent with the XRD result in Fig. 1.

Diffusion couples designation Composition K,, m?> s~ 1071
MS3.5/Mo MoSi,-3.5 vol.% Si3N4/Mo 1.36
MSW2.0/Mo MoSi,-3.5 vol.% Si3N4-2.0 vol.% WSi,/Mo 1.24
MSW4.0/Mo MoSi,-3.5 vol.% Si3N4-4.0 vol.% WSi,/Mo 1.14
MSW5.0/Mo MoSi,-3.5 vol.% SizN4-5.0 vol.% WSi,/Mo 0.90
MSW6.0/Mo MoSi,-3.5 vol.% Si3Ny-6.0 vol.% WSi,/Mo 1.00
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Fig. 1 XRD patterns of the surface of MSW5.0 composite by SPS
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Figure 3 shows the BSE images of polished cross sections
of annealed diffusion couples. Figure 3(a) shows that in
annealing treatment for 24 h, the interfacial region exhibited
three different morphologies, and they are marked I, 11, and III.
I zone is the Mo substrate. III zone contains (Mo,W)Si, (the
gray phase), Si;Ny (the round black phase), and a small amount
of (Mo,W)sSiz (the white phase), which is consistent with
Fig. 1 and 2. II zone is smooth without pores. The EDS
analysis suggests that II zone is the MosSi;, while W element
was not detected. With the annealing treatment time extended
to 120 h, a new zone marked IV appears between the II and III.
IV zone has similar structures of III zone except more pores.
Results from the EDS analysis show the IV zone is (Mo, W)sSi3
and the atomic ratio of Mo to W elements in IV region and III
region was very close to each other. These phenomena
indicated the formation of II zone is attributed to the Si
element in the III zone diffusing into Mo substrate and reacting
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Fig. 2 BSE image and EDS results taken from the MSW composites: (a) a type microstructure, (b) EDS analysis of point A, (c) EDS analysis

of point B, (d) EDS analysis of point C, and (e) EDS analysis of point D
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Fig. 3 BSE images of the cross sections of MSW5.0/Mo diffusion
couples: (a) annealed for 24 h at 1300 °C; (b) annealed for 120 h at
1300 °C
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Fig. 4 Thickness of the intermediate layers squared against diffu-
sion time at 1300 °C as functions of WSi, content and time

with Mo to form MosSi; phase, but the formation of IV zone is
attributed to (Mo,W)Si, in III zone degrading into (Mo,W)sSi;
in IV zone. Two similar different formation mechanisms of
MosSi; phase are also proved in our previous investigation on
MS/Mo diffusion couples (Ref 24). Meanwhile, Fig. 3 shows
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Fig. 5 Thickness of intermediate layers grown in the MSWS5.0/Mo
diffusion couple as functions of temperature and time
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Fig. 6 Arrhenius plots of the parabolic growth constants for
MosSi; layers obtained in Fig. 5

that the thickness of I zone is obviously higher than that of IV
zone. This confirms that Si plays a dominant role in diffusion as
referred to in Ref 19 and 20. Reference 26 reported that Si in
Mo/MoSi, had a higher diffusion rate compared to W in W/
WSi, diffusion couple, which led to the phenomenon that no W
element appeared in II zone.

Thickness of the intermediate layers (MosSiz) grown in the
interface of different diffusion couples is given in Fig. 4 as
functions of WSi, content and time, where the squared value of
thickness was plotted against diffusion time at 1300 °C. The
growth rate of intermediate layers obeys the parabolic rate law,
of which the parabolic rate constants are determined from the
slopes in Fig. 4 and are shown in Table 1. For comparison, the
parabolic rate constant of MS3.5/Mo is also shown in Table 1
based on our previous investigation (Ref 24). The parabolic rate
constant of intermediate layers is minimum when the WSi,
content is 5.0 vol.%, which indicates that the intermediate
layers in MSW5.0/Mo diffusion couple grow most slowly.
Thus, MSW5.0/Mo diffusion couple is selected to carry on the
following research.

Figure 5 illustrates the thickness of the diffusion layer
increases as the square root diffusion time increases at different
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Table 2 Silicon diffusion coefficients in the MosSiz of
MSWS5.0/Mo (D;) and MS3.5/Mo (D,) diffusion couples

T,K Dy, em?s1107° Dy, em?s1107°
1473 0.140 0.145
1573 0.439 0.619
1673 2453 3.324
1773 8.042 8.434

-18
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Fig. 7 Temperature dependence for the silicon diffusion coefficient
of the MosSi3 layer of MSWS5.0/Mo diffusion couple
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Fig. 8 Mass changes of MS3.5 and MSW5.0 coatings on Mo sub-
strate oxidized at 1450 °C in air

temperature. The parabolic rate constants obtained from Fig. 5
are plotted against reciprocal of an absolute temperature in
Fig. 6, where Arrhenius plots for the constants are presented.
The kinetic curves of intermediate layers grown in MS3.5/Mo
diffusion couples in our previous investigation (Ref 24) are also
presented as a comparison in Fig. 6. And the growth rate
constants K, of MSW5.0/Mo and MS3.5/Mo diffusion couples
may be well approximately expressed as:

588—Volume 26(2) February 2017

Kp(MSWSO/Mo) =1.15 exp[—(316 + 23)/RT] and
Ky ms3.5/Mo) = 0.26 exp[—(278 £ 19)/RT].

The activation energies for the growth of intermediate layers
in MSW5.0/Mo and MS3.5/Mo diffusion couples are 316 £ 23
and 278 & 19 kJ/mol, respectively.

Silicon diffusion coefficient in the intermediate silicide
layers is determined using the parabolic growth constants on
the basis of a calculation scheme developed in Ref 15. The
effects of SisN4 and WSi, on Si concentrations are not the main
research aims in this study. However, the concentrations at the
coexisting phase boundaries are given referring to Ref 13-15:
(Mo,W)Si,-Si3N4/(MosSi3, (Mo,W)sSi3): 66.67/39.1 at.% Si
and (MosSi3, (Mo,W)sSiz)/Mo: 37.5/0.1 at.% Si at each
temperature. The calculated values are given in Table 2, and
the semilogarithmic plots between the silicon diffusion coef-
ficient and a reciprocal of absolute temperature are shown in
Fig. 7. Based on numerical simulation, the diffusion coefficient
of MSW5.0/Mo (D;) and MS3.5/Mo (D,) diffusion couples in
1473-1773 K range can be expressed as: D;=5.64
exp[(—316 £ 23)/RT] (cm*/s) and D, = 1.28 exp[(—278 + 19)/
RT] (cm*/s). Activation energy is the same as obtained for the
growth of intermediate layers. This consistency in activation
energy is coming from the fact that the composition ranges of
both intermediate and MoSi, phases are independent to
temperatures.

The activation energy of intermediate layers in MSW5.0/Mo
diffusion couple is higher about 38 kJ/mol than that of in
MS3.5/Mo diffusion couple. Besides, the silicon diffusion
coefficient of MSW5.0/Mo diffusion couples is smaller than
MS3.5/Mo diffusion couples at the same temperatures. That
indicates that the growth of intermediate layers in MSWS5.0/Mo
diffusion couple is more difficult than that of in MS3.5/Mo
diffusion couples. In this case, it is believed that the existence
of W element plays the main role in inhibition of the growth of
intermediate layers. From Fig. 2, it can be seen that MSW
composites have a special ring-core structure, whose ring is
(Mo,W)Si, phase and the core is the MoSi, phase. This means
that the Si in both MoSi, core and (Mo,W)Si, ring in III zone
diffuses to Il zone and forms MosSi; with the Mo substrate, and
it must overcome the hindrance role of W-Si bond. However,
the crystal binding energy of WSi, is higher than that of
MoSi,, and W-Si bond energy (33.397 kJ/mol) is higher than
the Mo-Si bond energy (26.420 kJ/mol) in Ref 27. Chatilyan
et al. (Ref 17) compared Si diffusion coefficient and diffusion
activation energy in the MoSi, and WSi, at the range of 850-
1500 °C. It was also found that the diffusion coefficient of Si in
the WSi, is lower than that in MoSi, and the diffusion
activation energy of Si in the WSi, is higher than that in MoSi,.
The results of the above study indicate that it is more difficult
for Si to break away from the constraint of W-Si bond than Mo-
Si bond, and Si diffusion is more difficult in WSi, than in
MoSi,. Therefore, MSWS5.0/Mo diffusion couple exhibits
higher activation energy and lower silicon diffusion coefficient
than that of MS3.5/Mo diffusion couple.

The mass variation of MS3.5 and MSW35.0 coatings on Mo
substrate oxidized at 1450 °C in air is illustrated in Fig. 8. As it
can be seen, the mass weighting of MSW5.0 coating is lower
than that of MS3.5 coating. It gives an actual evidence of WSi,
blocking the diffusion of Si. As the results calculated in
previous section, MSW5.0 coating has lower silicon diffusion
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coefficient and higher activation energy for the growth of
intermediate layers compared with that of MS3.5 coating. This
causes a lower growth rate constant of intermediate layers in
MSW5.0 coating and results in MSW 5.0 coating on Mo
substrate having a better high-temperature oxidation resistance
than that in MS3.5 coating.

4. Conclusions

The microstructure evolutions, growth rate constants, and
silicon diffusion coefficients of intermediate silicide phases in
MoSi,-3.5 vol.% Si3Ny-x vol.% WSi,/Mo (x = 2.0, 4.0, 5.0
and 6.0) by SPS were investigated at temperatures range from
1200 to 1500 °C. The results are summarized as follows:

1. A special microstructure with MoSi, core surrounded by
a thin layer of (Mo,W)Si, ring is found in the MSW
composites. The intermediate layers of MosSi; at early
diffusion stage and (Mo,W)sSi; at late diffusion stage in
MoSi,-Si3Ny-WSi,/Mo  diffusion  couple are formed.
MosSis is resulted from the diffusion reaction of Si with
the Mo substrate, and (Mo,W)sSi; is attributed to the
degrading of (Mo, W)Si,.

2. The growth of intermediate layers in MoSi,-SizN4-WSi,/
Mo diffusion couple is confirmed to obey the parabolic
law. The growth rate constant of intermediate layer in
this diffusion couples is minimum when the content of
WSi, was 5.0% in volume.

3. Compared with MS3.5/Mo diffusion couple, MSW5.0/
Mo diffusion couple has higher about 38 kJ/mol of acti-
vation energy for the growth of intermediate layers and
lower silicon diffusion coefficient. It indicates the obvi-
ous hindering effect of WSi, in the MSW composite on
Si diffusion. MSW5.0 coating on Mo substrate exhibits a
better high-temperature oxidation resistance in air than
that of MS3.5 coating.
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