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High-temperature Oxidation Properties of TiC-reinforced Mo Matrix Composites
with Cr Element Added
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This work studied Mo-TiC-xCr (x = 0.0, 0.5, 1.0 wt.%) matrix composites with different component gradients prepared
by Spark Plasma Sintering (SPS). The high-temperature oxidation test was conducted at 1200 °C in the atmosphere to
study the influence of Cr on the high-temperature oxidation behavior of TiC-reinforced Mo matrix composites. The phase
composition and morphology of the oxide film were analyzed using X-ray diffraction (XRD), scanning electron
microscopy (SEM), and energy dispersive spectroscopy (EDS), and the goal was to determine the effect of the Cr content
on the high-temperature oxidation properties of the Mo-TiC-xCr (x = 0.0, 0.5, 1.0 wt.%) matrix composites. The results
showed that with increasing oxidation time, the oxide film on the surface of Mo alloy will crack and fall off easily, and
the porosity gradually increases. Oxygen underwent vigorous oxidation through the pores and the inside of the matrix, and
a protective MoO: internal oxide film disappeared. With increasing Cr content, the high-temperature oxidation
performance of the Mo alloy improved, the thickness of the oxide film decreased, warping of the surface oxide film was
inhibited, the porosity decreased, and volatilization of MoOs was inhibited. After oxidation, the surface oxide film was
mainly composed of TiOz2, M0Os, Cr203 and Crz(Mo0Oa4)s phases. The TiC particles dispersed in the matrix were oxidized
to TiOz to inhibit the oxidation of the alloy. The Cr formed a protective oxidation film of Cr20O3, which effectively reduced

the porosity and delayed the volatilization of the MoOs, thus improving its oxidation performance.
Keywords: high-temperature oxidation, composite materials, TiC, Mo alloy.

1. INTRODUCTION

Modern industry is increasing the requirements for
structural materials used in high-temperature environments
[1-3]. As a refractory metal, molybdenum has a high
melting point (2620 °C), a high elastic modulus
(320-350 GPa), high wear resistance, good electrical and
thermal conductivity and strong corrosion resistance,
making it an excellent high-temperature material [4]. At
present, molybdenum and its alloys have been widely used
in steel, the metallurgy industry, machinery components, the
chemical industry, and the aerospace industry, to name a few
[5-8].

By using carbide as the enhancement phase, the
discharge plasma sintering method (spark plasma sintering,
SPS) preparation of molybdenum alloys has emerged in
recent years as a rapid sintering process [9-11]. The
sintering temperature of this method is lower than that of the
traditional process, the sintering time is shorter, the
operation is simple, and a fine grain structure can be
obtained [12]. By adding Ti, Zr, Hf and other active
elements that react with C to produce refractory carbides
(TiC, ZrC, and HfC, respectively), the strength and
toughness of the material can be significantly improved [*3],
Dispersed particles appear in the grain boundaries of
molybdenum alloys in the form of Ti (O, C) or Hf (O, C)
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compounds, which effectively prevent grain growth and
thus improve the high-temperature properties of
molybdenum alloys [14, 15]. However, molybdenum and
molybdenum industrial alloys undergo destructive oxidation
above 700 °C, severely limiting their potential as heat-
resistant structural materials. Therefore, it is necessary to
improve the high-temperature oxidation performance of
molybdenum alloys by improving the alloy composition
[16, 17]. Since Cr only produces a single oxide, Cr,Os, the
oxidation resistance of the material can be improved by
forming a Cr,03 film [18]. At the same time, the addition of
Cr does not significantly affect the properties of
molybdenum and molybdenum alloys [19, 20].

In this paper, a new TiC-reinforced molybdenum-based
composite was prepared by adding Cr and using the SPS
method Improving the oxidation resistance of the material
was explored based on the premise of not significantly
changing the microstructure of the material. The
microstructure and oxidation mechanism under different
temperatures and oxidation times were studied after adding
Cr. The oxidation resistance of the new TiC-reinforced
molybdenum-based composites was evaluated by analyzing
the oxidation kinetics curves of the new alloys, the surface
and cross-section morphologies, and the composition of the
oxide. This provides a reference for further research on the
oxidation resistance of molybdenum-based alloys.



2. MATERIALS AND METHODS

2.1. Materials

The test components comprised Mo-5TiC-xCr (x = 0.0,
0.5 and 1.0 wt.%). A ball mill process was used to mix the
elemental powders. The parameters of the ball mill were as
follows: the ball material ratio was 2:1, the ball mill time
was 5 h, the rotation speed was 200/rpm, and the ball mill
tank was filled with argon as a protective gas. The ball mill
process was as follows: after dry mixing, the powder was
compacted at the bottom of the ball mill tank, and the balls
floated on it. Then, ethanol was added as the ball grinding
medium and mixing continued. The powder was then treated
in a vacuum drying box at 100 °C for 1 h and sifted into a
200 mesh sieve. Then, an analytical balance was used, to
measure 300 g of powder that was then placed in the 340
graphite mold. Graphite paper was attached to the inside of
the mold and the contact surface between the head and the
powder before charging. Then, the mold was placed into the
SPS furnace. The temperature was increased from room
temperature to 1700 °C at a speed of 100 K/min, and the
pressure was increased from 5 MPa to 30 MPa. Then, the
temperature was held for 9 min and finally cooled with the
furnace.

2.2. Methods

In this experiment, a high temperature resistance
furnace (Model SM-28-10) was used for the high
temperature oxidation test. The samples with different
components were cut into rectangular blocks with
dimensions of 10 mmx 20 mm x 1.5 mm. After the
material was ground and polished, it was ultrasonically
cleaned with ethanol and dried for use. The cyclic oxidation
test method and weight loss method were used to measure
the high-temperature oxidation kinetics curve of the sample
under an atmospheric environment at 1200 °C. The
oxidation times were 5 min, 10 min, 20 min, 30 min, 40 min
and 60 min. An analytical balance with an accuracy of
0.0001 g was used to weigh the mass change before and
after oxidation.

The phase analysis of the materials was performed by
X-ray diffraction (XRD) (X Pert Pro) with Cu Ka radiation
(A=1.5406 A) and a 20 range of 10° to 90°. The
microstructure observations and composition analysis were
conducted by using scanning electron microscopy (SEM)
and energy dispersive spectroscopy (EDS) (Quanta 200, FEI
Company). Before the analysis, deposition of
nonconductive oxides on samples by a sputter coater (Model
Bal-TEC SCDO005). The voltage of the scanning electron
microscope was 15 kV.

3. RESULTS AND DISCUSSION
3.1. Oxidation kinetics at high temperatures

Fig. 1 shows the oxidation kinetics curve for the Mo-
TiC-xCr alloy system oxidized in an air environment at
1200 °C for 60 min. It can be seen in Fig.1 that the
oxidation kinetics curve of the Mo-TiC-xCr composite
system is clearly divided into two stages. The first 20 min is
a slow oxidation stage, and the loss of mass due to oxidation
is low, which is consistent with a parabolic trend. The last
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40 mins is the rapid oxidation stage, and the loss of mass
due to oxidation mass is linear. The obvious segmentation
of the oxidation kinetics curve is mainly due to the different
oxidation mechanisms during the high-temperature
oxidation process. During the early stage of oxidation, the
experimental material alloy system is protected by the inner
oxide film of MoO; so that oxygen could not penetrate into
the substrate excessively, and the oxide film plays a certain
protective role [21]. With increasing oxidation time, the
MoO, oxide film ruptures after reaching the critical
thickness, resulting in a large amount of MoQOs. The
sublimation of the MoOs3 causes a large number of holes in
the material, and a rapid increase in the mass loss causes a
sharp increase in the oxidation rate. The oxidation has the
characteristics of autocatalysis, and this is confirmed
because the oxidation kinetics curve conforms to the trend
for autocatalysis. The introduction of Cr has a certain effect
on the oxidation mechanism. As the content of Cr increases,
the loss of oxidative mass gradually decreases. Since Cr is
easily oxidized to Cr,03 at high temperatures, it has a certain
protective effect on the alloy [22].
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Fig. 1. High-temperature oxide kinetics curve for the Mo-TiC-xCr
(x=0.0,0.5and 1.0 wt.%)

3.2. Analysis of high-temperature oxidation
products

To investigate the effect of the introduction of Cr on
the oxidation products of Mo-TiC-based materials and the
types and contents of oxidation products of Mo-TiC-xCr
alloy systems at different oxidation times, XRD phase
analysis was performed on the corresponding materials. The
results are shown in Fig. 2. The oxidation products of the
Mo-TiC system are mainly TiO,, MoQOs, and some very
small amounts of unoxidized and dispersed TiC particles.
The introduction of Cr, in addition to the abovementioned
oxidation products, produces Cr,O3z and Cro(MoO4)s. It can
also be seen from Fig. 2 that with increasing oxidation time,
new oxidation products are formed in the Mo-TiC-xCr alloy
system. When the oxidation time is 10 mins, the oxidation
surface is mainly composed of TiO, and MoQgs, and a small
amount of Cr,0s3 is formed. With increasing oxidation time,
TiO2 still maintained a relatively strong peak, the peak value
of Cr oxide also increased accordingly, and the production
of Cr(M00Qa)s also gradually increased. Therefore, the main
oxidation products of the Mo-TiC-Cr alloy system after



60 min of oxidation are TiO;, MoOs; Cr,0; and
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Fig. 2. XRD map of the surface phases on the Mo-TiC-xCr
(x=0.0, 1.0 wt.%)

3.3. Characteristics of the oxidized surface
morphology

Fig. 3 shows the micrographs of the oxidized surface
morphology of the Mo-TiC-Cr composite material after
10 min, 40 min and 60 min.
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Fig. 3. Surface maps and EDS spectra for the Mo-TiC-Cr after
oxidation: a-—oxidation 10 min; b-oxidation 40 min;
c—oxidation 60 min

As shown in Fig. 6 a, the surface morphology after
10 min of oxidation is mainly composed of fine particles
and large flakes, with particles generally less than 1 um in
size. Considering the XRD analysis results, it can be
concluded that in Fig. 3 b, the granular features are TiO, and
the flakes are MoOs. The distribution of the MoOs flakes is
uneven, and the pores on the surface of the oxide layer are
increased in number. The distance between the TiO;
particles is also increased. As shown in Fig. 4 ¢, when the
oxidation time increases to 60 min, the MoO; flakes
completely disappear, leaving a large number of holes and
interconnected but not fused granular materials on the
surface. According to the XRD analysis, the oxide layer at
this time is mainly Cr oxide and TiO, particles, both of
which are connected in a granular form and exist on the
surface.

Fig.4 shows photomicrographs of the surface
morphology of the Mo-TiC-xCr composites with different
compositions after oxidation for 30 min. Fig. 4 shows that
the surface morphology of the Mo-TiC-xCr composite
material is mainly composed of fine particles and large
flakes after oxidation for 30 min. According to the XRD
analysis results, the particulate matter is TiO,, and the flakes
are MoQs. The distribution of the MoOs flakes is uneven,
the pores on the surface of the oxide layer increase, and the
distance between the TiO, particles also increases. With a
continuous increase in the Cr content, the degree of warping
of the MoOs flakes decreases, and the TiO; particles also
decrease. Decreasing the degree of warping of the sheet-like
structure means that the porosity is reduced, and the
oxidation rate of the oxygen through contact with the matrix
material is also reduced, which increases the oxidation
resistance of the material. This is also compatible with the
results of Fig. 1. According to the XRD results, at this time,
the oxide layer is mainly Cr oxide and TiO; particles, and
both oxides are connected in the form of particles on the
surface.
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Fig. 4. Features of the Mo-TiC-xCr surface morphology after
30 min of oxidation: a—x =0; b—x =0.5; c—x=1.0
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3.4. Characteristics of the oxidation section
morphology

Fig. 5 shows the backscatter photomicrographs of
cross-sections of Mo-TiC-xCr composite material after
oxidation for 30 min. With increasing Cr content, the
average thickness of the oxide layer is 70 um, 62 um and
45 pm. The introduction of Cr reduces the average thickness
of the oxide layer, and the thickness of the oxide layer
gradually decreases with increasing Cr content. At the same
time, the Mo-TiC composites contain oxide transition
layers. According to related literature [23], it is known that,
in general, a transition layer forms that consists of a low-
quality oxide under the surface of the MoOs, and the
composition of this layer is MoOy (2 < x < 3). According to
the thickness of the oxide film, it is likely that as the Cr
content increases, the oxidation resistance of the material is
effectively improved. According to the analysis of the
elements in the EDS line scan, it can be seen that the content
of Mo in the oxide layer is significantly lower than that of
the matrix. This is because the MoOs formed by the full
reaction of Mo and O has strong volatility and is volatile to
the atmosphere through the pores [24]. The introduction of
Cr suppresses this effect. With an increase in Cr, the loss of
Mo in the oxide layer is effectively suppressed. In addition,
the content of Ti and Cr in the oxide layer of Mo-TiC-xCr
increases, and TiO; and Cr,03 suppress the oxidation of Mo,
which increases the oxidation resistance. As shown in
Fig. 5 b, the content of Cr at the interface between the
substrate and the oxide layer increases significantly. The
analysis indicates that Cr can form a protective Cr,O3 oxide
film between the oxide layer and the substrate.
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Fig. 5. Mo-TiC-xCr cross section morphology and EDS analysis
results after 30 min of oxidation: a—x=0; b-x=0.5;
c-x=1.0

3.5. Discussion

Fig. 6 is a schematic diagram of different oxidation
times of Mo-TiC-Cr composites and describes the oxidation
mechanism of this material in detail. It can be seen in Fig. 6
that after sintering, the matrix in-side the material is mainly
Mo, and TiC particles and part of the Mo,C are uniformly

411

dispersed in the Mo matrix [25]. The oxidation resistance of
molybdenum is particularly low at high temperatures. It
starts to oxidize when heated to approximately 300 °C in the
air [26]. When the Mo-TiC-Cr alloy system is oxidized at a
high temperature, the following reactions occur.
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Fig. 6. Schematic diagram of different oxidation times of Mo-TiC-
Cr composites: a—oxidation 0 min; b—oxidation 10 min;
c—oxidation 40 min; d—oxidation 60 min

The matrix Mo and Mo,C produced during the sintering
process react with O, to form MoO_ and MoOs, as shown in
Eq.1-Eq. 4:

Mo + O — MoOy; 1)
MoO; + 1/20; — MoOs; (2)
Mo + 3/20; — MoOs; (3)
Mo,C + O, — 2MoO; + CO». (4)

The dispersed TiC in the Mo matrix react with O, to
form TiO,, as shown in Eq. 5:

TiC + 20, — TiO;, + CO.. (5)

The added Cr oxidizes to Cr,0s, and Cr,O3 reacts with
MoQ; to form Crz(MoOs)s, as shown in Eq. 6 and Eq. 7
[27]:

2Cr + 3/20; — Cr,03; (6)
Cr,03 + 3M00O3 — Cr» (MOO4)3. (7)

During the early stage of oxidation, the surface of the
molybdenum forms a dense adhesion layer comprising
MoO,. Its oxidation rate depends on the diffusion rate of the
metal ions and oxygen through the oxide film [28]. The
oxidation rate at this stage is slow. After the MoO; layer
reaches a certain thickness, the MoO; is oxidized to MoOs3,
and the formation rate of MoOs is equal to its evaporation
rate [29]. With increasing temperature and pressure, the
oxide formation and rate of volatilization are accelerated. As
shown in Fig. 6 b, as the oxidation time increases, a large
amount of dark green gas rises from the sample surface. This
is because MoOs gas and CO; gas are generated by the
reaction of two substances, Mo and MoC, with oxygen. The



generated MoOs is volatilized and forms a dark green gas
that appears in the air, so a large amount of dark green gas
can be seen during the oxidation process.

After oxidation for 10 min, the surface of the oxidized
sample is mainly composed of granular and lamellar
structures. Combining the results in Fig.5 and Fig.6 a
indicates that the oxidized surface is mainly composed of
two kinds of oxides, namely, granular TiO, and MoQOs3
flakes. The TiO; particles remain on the surface of the oxide
layer, and the gas generated by the oxidation process
evaporates into the air and leaves holes on the surface of the
sample. A large amount of Mo and Mo,C are oxidized
violently in the air and generate a large amount of MoOs.
During the process of removing the sample from the
furnace, the MoQOj3 gas cannot be fully volatized. As the
temperature decreases, the MoOs; appears lamellar and
remains on the oxidized surface. The evaporation of the
molybdenum oxide at the oxidizing gas interface forms a
porous oxide layer. These holes provide channels for
oxygen to contact the substrate [30]. Due to the increased
porosity, the atmosphere continues to provide O through
the defective outer layer. Combining the results in Fig. 5 and
Fig. 6 b indicates that at this time, the number of holes
increases, the area of the holes increases, and the contact
area between the oxygen and the substrate increases. As the
oxidation time increases, the thickness of the oxide layer
further increases, and the oxidation becomes severe. The
pores allow oxygen to diffuse into the matrix through a thick
oxide layer, and the internal oxide layer comprising MoO;
is violently oxidized and disappears. At this time, no oxide
film is formed on the surface of molybdenum, and only the
oxide is volatilized. The oxidation rate is completely
determined by the volatilization process, and the speed
continues to increase.

The TiC particles and Cr elements added to the Mo
matrix play a crucial role in retarding the oxidation of Mo.
Related studies [31] have shown that TiO, formed after TiC
oxidation has a high melting point (1850 °C) and high
temperature stability, which effectively delays the diffusion
rate of oxygen to the Mo matrix, can shorten the reaction
stage time, promote a stable passivation stage, and therefore
improves the oxidation performance. The Cr element reacts
with O to form an adhesive protective oxide layer Cr,Os.
Although Cr,O3 loses some antioxidation properties due to
the volatilization of CrO3 and the reaction with MoQ3 [32],
the experimental results show that its protective effect is not
destroyed. As the content of Cr increases, the number and
thickness of Cr,Os oxide layers that prevent further
oxidation of the alloy also increase correspondingly, which
helps to suppress oxidative corrosion. This is also consistent
with the measurement results of the oxidation kinetics.

4. CONCLUSIONS

In this paper, the composition of Mo-based composites
was optimized and improved, and the effect of Cr on the
microstructure and properties of the material was explored.
The oxidation resistance and oxidation mechanism were
studied under the same oxidation temperature and different
oxidation times. The conclusion is as follows: in Mo matrix
composites, when the content of Cr element is less, it will
hinder grain boundary movement and inhibit grain growth.
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When the content is high, the activation energy is reduced
and the grain growth is promoted. Therefore, with the
increase of Cr content, the grain size of TiC/Mo increases
first and then decreases. At the same oxidation temperature,
a large amount of MoOs flakes and TiO; particles were
generated on the surface with increasing oxidation time. The
MoOQ; flakes gradually decreased with increasing time,
while the TiO; particles gradually increased with increasing
time. The Cr oxide generated by the addition of Cr generated
the protective film Cr,03 and hindered the mobility of the
MoQs, which decreased the oxidation. It will be of positive
significance to to design and optimization of Mo matrix
composites in the application field of high-temperature
structural components.
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