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Microwave sintering of Mo nanopowder and its densification behavior
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Abstract: In order to prepare high-performance Mo with fine and homogeneous microstructure to meet the demand of
high-technology applications such as metallurgical, mechanical, national defense, aerospace and electronics applications, the
microwave sintering process and densification mechanism of Mo nanopowder were studied. In this experiment, Mo nanopowder and
micropowder were used for conventional sintering and microwave sintering at different sintering temperatures and sintering time,
respectively. The results showed that with the increase in the sintering temperature, the increase rates of the relative density and
hardness increased rapidly at first and then slowed down. The relative density rapidly reached 95%, followed by a small change. Mo
nanopowder with a relative density of 98.03% and average grain size of 3.6 um was prepared by microwave sintering at 1873 K for
30 min. According to the analysis of the sintering kinetics, its densification is attributed to the combination of volumetric diffusion
and grain boundary diffusion mechanisms. The calculated sintering activation energy of Mo nanopowder was 203.65 kJ/mol, which
was considerably lower than that in the conventional sintering, suggesting that the microwave sintering was beneficial to the
enhancement in the atom diffusion and densification for the powder. The results confirm that the microwave sintering is a promising
method to economically prepare molybdenum with high properties.
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97% to 98.5% using a vacuum furnace at a sintering

1 Introduction

As a refractory metal, molybdenum (Mo) is
characterized by its high melting point (7,=2893 K),
high density (10.22 g/cm’), high thermal conductivity
and low coefficient of thermal expansion [1]. These
properties make Mo appropriate for many high
temperature applications such as energy
materials, missile and aircraft parts, thermocouple
sheaths, flame and corrosion resistant coatings for other
metals [2—4]. Mo is often prepared by powder
metallurgy method, where Mo micropowder is
consolidated at a high temperature under a protective
atmosphere (e.g., argon, nitrogen, and hydrogen);
however, this method requires an extremely high
sintering temperature, long sintering time and low
heating rate, which leads to a coarse microstructure and
deteriorates the mechanical properties. HUANG and
HWANG [5] prepared Mo products with densities of

nuclear

temperature of 2023 K with soaking time of 10 to 40 h.
In order to fabricate a Mo product having a fine and
uniform microstructure, Mo nanopowder could be used
as a raw material, owing to its high sintering activity.
MAJUMDAR et al [6] reported the sintering of Mo
nanopowder with average particle size of ~250 nm at a
temperature of 2023 K for 60 min, yielding a sample
with a relative density of 92%. However, the heating rate
is still limited under the conventional heating mode, and
short sintering time cannot meet the requirement of
densification, while long sintering time inevitably leads
to serious grain growth, low processability and
deteriorated mechanical properties. Therefore, new
sintering methods are recommended to achieve the rapid
densification of the nanopowder. For example, spark
plasma sintering (SPS) and microwave sintering are
completely  different from the  conventional
sintering [7—9]. Compared with the heating mechanism
of radiation or conduction in the conventional sintering,
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energy is directly transferred to the material by the
coupling of electromagnetic waves, with the matter
leading to volumetric heating in the microwave
sintering [10—14]. This can accelerate the heating
process and reduce both sintering temperature and
sintering time, thus reducing the sintering time and
saving energy. It also contributes to achieving the
homogeneous and fine microstructure, and improving the
mechanical properties. Microwave sintering was used for
the first time in ceramic processing, and a series of
materials such as Al,Os-doped alloys, W—Cu, Mo—Cu,
WC-Co, W—Ni—Fe and metal matrix composites, were
subsequently synthesized by this technology [15-20].
CHHILLAR et al [21] carried out microwave sintering of
Mo micropowder for the first time. A high-density Mo
product was obtained in a very short period of time,
confirming the possibility of microwave sintering of pure
Mo. However, there are still very few studies on the
densification of Mo nanopowder under the microwave
field. Therefore, the main objective of this study was to
investigate the microwave sintering process of Mo
nanopowder. Its densification kinetics was also
discussed.

2 Experimental

2.1 Materials and methods

Mo nanopowder (average particle size: 40 nm,
purity >99.95%, Shanghai Yaotian Co., Ltd., China) and
Mo micropowder (average particle size: 40 um, purity
>99.9%, Beijing Daotian Co., Ltd., China) were used.
The raw material Mo powder was dried in a vacuum
drying oven (DZF, Beijing YGM Co., Ltd., China) at
333 K to prevent moisture and oxidation. The dried
powder was then cold-pressed into a green compact with
dimensions of d12 mm x 10 mm under different uniaxial
pressures for 60 s. Finally, the green samples were placed
into an HY-SZ4516 microwave sintering furnace
(Hunan Huaye Co., Ltd., China) and sintered at a heating
rate of 40 K/min to 1773, 1823 and 1873 K for 10, 20, 30
and 40 min, respectively. An infrared temperature
measurement device was used to measure the
temperature of the sample. In order to prevent the
oxidation of Mo, the sintering process was carried out in
vacuum and then the sample was cooled in 95% Ar +
5% H, atmosphere. A SiC slice was employed as a
microwave susceptor to improve the overall heating
effect.

For comparison, conventional sintering experiments
were carried out on Mo nanopowder.

2.2 Characterization
The relative densities of the sintered samples were
measured by the Archimedes principle. The

microstructures and morphologies of the sintered
samples were analyzed by environmental scanning
electron microscopy (SEM, Quanta 200, FEI, Holland).
Metallographic images of the sintered samples were
observed by metallographic microscope (Leica CMIL
LED, Germany). The contrast color of the
metallographic image was adjusted for a better
visualization of the grains and the color of the grain
boundaries was set to be darker. The grain size was then
measured by an image analysis software. The Vickers
hardness of the sintered samples was tested by a Vickers
microhardness meter (HVS—1000, Shanghai Luxin Co.,
Ltd., China) with a load of 0.3 kg for 15 s.

3 Results and discussion

3.1 Effect of green density on properties of microwave-
sintered sample

The green density of the sample was controlled by
adjusting the pressing pressure, and the results are shown
in Fig. 1. With the increase in the pressure, the relative
density initially rapidly increases to 66.05%. The
increase rate starts to decrease at 300 MPa. The increased
pressure is beneficial to the rearrangement of the powder
with different particle sizes, thus expanding the contact
area among the powders and increasing the green density.
Moreover, a plastic deformation of the powder will occur
when the pressing pressure is very high.
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Fig. 1 Effect of pressing pressure on relative density of green

sample

Figure 2 shows the effect of the green density on the
relative density and hardness of the microwave-sintered
samples. With the increase in the green density from
55.56% to 63.58%, the relative density of the sintered
sample slowly increases from 96.8% to 98.0%, followed
by the saturation. This is mainly attributed to the
comprehensive effects of the following factors. The
increase in green density expands the contact area among
the powders, which improves the atom diffusion and
densification of the powders during the sintering. On the
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other hand, a higher green density leads to a higher
reflection of the microwave energy, which reduces the
coupling ability between the powder and microwave,
thus impeding the densification of the powder. The
results indicate that the green density has a small effect
on the relative density of the microwave-sintered sample,
and that the optimal green density should be controlled at
63%—67%.
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Fig. 2 Effect of green density on relative density and hardness
of sintered samples

Figure 2 shows that the hardness of the sintered
sample slowly increased with the green density. This can
be attributed to the increased density of the sintered
products and residual lattice distortion caused by the
high pressing pressure.

3.2 Effect of sintering temperature on properties of

sintered samples

Figure 3 presents the relative densities of the
samples sintered at different temperatures for 30 min.
Regardless of the sintering mode and powder size, with
the increase in the sintering temperature, the relative
densities of samples increase. This may be attributed to
the enhancement in the atomic diffusion owing to the
increased temperature. Compared with the Mo
micropowder, the Mo nanopowder can effectively
accelerate the densification process of the compact,
yielding a higher density upon the microwave sintering.
The skin depth (d) can be obtained as follows:

d=— (1)

Jnf uo
where f is the microwave frequency, u is the material
magnetic permeability, and o is the material electrical
conductivity. According to Eq. (1), the skin depth of pure
Mo at room temperature is approximately 8.61 um. The
conductivity of Mo decreases with the increase in the
sintering temperature, while the skin depth of pure Mo
increases (to approximately 23.19 um at 1873 K). The
particle size of the Mo nanopowder is considerably

smaller than the skin depth, so the microwave energy can
penetrate the powder to heat the compacts by volume
heating. However, the particle size of the Mo
micropowder is slightly larger than the skin depth.
Therefore, the Mo micropowder cannot be completely
heated; thus its density is considerably lower than that of
the Mo nanopowder.
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Fig. 3 Effects of sintering temperature on relative densities of

samples

Figure 3 shows that the densities of samples after
the microwave sintering are significantly higher than
those of the conventional sintered samples under the
same sintering conditions using the Mo nanopowder.
During the microwave sintering, with the increase in the
sintering temperature to 1823 K, the relative density
initially rapidly increases to 96.57%. Subsequently, the
densification rate of the Mo nanopowder considerably
decreases, and the relative density reaches 98.03% after
microwave sintering at 1873 K for 30 min, which is
higher than that (~90.47%) obtained by the conventional
sintering. This might be explained by the “non-thermal
effects” of the alternating microwave electromagnetic
field during the microwave sintering, which promote
atomic diffusion [22,23].

Compared with the results of HUANG and
HWANG [5], the relative density of the microwave-
sintered Mo is similar; however, the sintering
temperature and time in our experiment are considerably
lower and shorter, respectively than the reported values
(40 h at the temperature of 2173 K). This suggests that
the microwave sintering can effectively increase the
sintering density and reduce the sintering time, as it can
reduce the sintering activation energy, and increase the
diffusion driving force and diffusion rate. It has also been
confirmed that the microwave sintering technique is
advantageous for the rapid and high densification of pure
Mo.

Figure 4 shows the effect of the sintering
temperature on the hardness of samples. The change in
hardness with the sintering temperature exhibits a similar



1708 Bo-hua DUAN, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1705-1713

310
300 |
290 |

2280+

>

T 270+

£ 260} //

T i

= 250
240 —— Microwave sintered nano-Mo
230 + —v— Conventionally sintered nano-Mo
220 —=— Microwave sintered micro-Mo

1760 1780 1800 1820 1840 1860 1880

Sintering temperature/K
Fig. 4 Effect of sintering temperature on hardness of samples

trend to that of the relative density as the hardness of
powder metallurgy product is determined mainly by its
relative density and microstructure. The hardness is very
sensitive to the porosity in the powder metallurgy
process. With the decrease in the sintering density and
the increase in the porosity, in the measurement of the
hardness, the indenter simultaneously acts on the matrix
and pores. The pores weaken the matrix and lead to
the decrease in hardness. Generally, a higher density
corresponds to a larger hardness.

Figure 5 reveals the optical microscopy (OM)
images of the samples sintered at different temperatures.
The microstructures of the microwave-sintered samples
consist of uniform fine grains and well-dispersed pores.
Figures 5(a—c) show the changes in the morphologies

e

and sizes of the grains and pores. With the increase in the
sintering temperature, the pores contract and their
geometries tend to be circular. Figure 6 shows the grain
size distribution of microwave-sintered samples. The
average grain size slowly increases from 2.1 to 3.6 um.
With the increase in the microwave sintering
temperature, the grain size of Mo slightly increases. The
comparison of Figs. 5(c) and (d) shows that the
microstructure of the microwave-sintered sample is more
uniform, denser and finer than that of the conventionally
sintered sample under the same sintering conditions,
which is attributed to the lower sintering temperature,
shorter sintering time, overall heating and unique
“non-thermal effects” in the microwave sintering,
leading to the improved mechanical properties and
plastic deformation capacity of Mo. The grain size
obtained in our experiment is even smaller than 7-9 um
reported by CHHILLAR et al [21].

Figure 7 exhibits SEM fracture micrographs of the
microwave-sintered samples at different temperatures.
The images present the typical brittleness fracture, which
is similar to that of Mo prepared by the conventional
process; some small pores and large number of sintered
necks can also be observed. With the increase in the
sintering temperature, the grain size slightly increases,
while the size and number of pores significantly decrease
and their shapes slowly evolve into circles from
irregularities. In addition, the size of the sintered neck
increases, which implies a remarkable improvement in
the strength of the sintered sample.

Fig. 5 OM images of samples obtained at different sintering temperatures of 1773 K (a), 1823 K (b), 1873 K(c), and conventionally
sintered sample at 1873 K (d)
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Fig. 6 Grain size distribution of samples microwave-sintered at

different temperatures

Fig. 7 SEM fracture mlcrographs of samples microwave-
sintered at different temperatures: (a) 1773 K; (b) 1823 K;
(c) 1873 K

3.3 Effect of sintering time on properties of sample

The relative density and hardness of the samples
sintered at 1873 K and different time are shown in Fig. 8.
The microwave sintering of samples sintered at 1873 K
for 10 min rapidly provides a relative density and
hardness of 95% and HV 297.9, respectively. With
further increase in the sintering time, the relative density
and hardness increase slowly. As shown in Fig. 9, the
microstructures exhibit continuous small reductions in
pore size and number accompanied with the small
difference in grain size with the increase in the sintering
time. The evolution of the microstructures is consistent
with the results in Fig. 8. According to the conventional
theory of powder metallurgy, the atomic diffusion rate is
proportional to the square root of the sintering time. With
the increase in the sintering time, sintering necks
between powders form and grow, eventually leading to
grain coarsening, while the size and number of pores
initially rapidly decrease, and then the decrease rates
become slow, followed by the transformation of the pore
shape to spherical shape at the last sintering stage [24,25].
The experimental results seem to differ from the
conventional theory. The microwave sintering can
effectively reduce the activation energy of the atoms and
considerably increase the atom migration rate and
rearrangement opportunities, thus leading to the rapid
densification of the Mo nanopowder within 10 min. Once
the relative density of the sample is above 90%, it might
significantly enhance the reflection of the microwave and
shielding effect of the sample, which weakens the
microwave coupling with the powder and prevents the
grain growth and densification.
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Fig. 8 Effect of sintering time on relative density and hardness
of samples sintered at 1873 K

3.4 Microwave sintering Kinetics

A sintering model can effectively quantify the
sintering theory, and through the mathematical formula
derivation, it is possible to determine the atom migration
mechanism during the sintering.
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Fig. 9 SEM fracture micrographs of samples sintered for different sintering time: (a) 10 min; (b) 20 min; (c) 30 min; (d) 40 min

According to Egs. (2) and (3) [26]:

AL _ AT 2

Ly

ln£=lnA(T)+llnt 3)
L n

0

where AL/L, is the relative shrinkage, 4(7) is a constant
related to the sintering temperature, ¢ is the sintering
time, and # is the sintering characteristic index. The atom
migration mechanism in the sintering process can be
determined according to the value of .

The relative shrinkage and transformation of the
samples with different green densities sintered at 1773,
1823 and 1873 K for different sintering time are shown
in Figs. 10 and 11, respectively. The shrinkage increases
with the the increase of sintering time. By calculating
the slope of the curve in Fig. 11, the sintering
characteristic index n can be obtained, which is shown in
Table 1.

The value of n slightly increases with the increase in
the green relative density, but decreases with the increase
in the sintering temperature. The kinetic characteristic
index n reflects the main migration mechanism of the
material in the sintering process. The volume diffusion is
the main migration mechanism when n=2.5, while the
grain boundary diffusion dominates in the process when

n=3. If n is in the range of 2.5-3, the two mechanisms
contribute during the sintering process. Therefore, the
densification of the Mo nanopowder during the
microwave sintering is attributed to the combination of
the volumetric diffusion and grain boundary diffusion
mechanisms. The value of n decreases with the increase
in the sintering temperature, indicating that the tendency
of volumetric diffusion increases. As the exchange speed
between atoms and vacancies on the particle contact
surface increases with the increase in the sintering
temperature, the vacancies around the closed pores
diffuse outside of the samples, thus enhancing the
volumetric diffusion.

Table 1 Values of n in sintering kinetic equation

Green relative density/% -
1773 K 1823 K 1873K
60 2.857 2741  2.609
63 2.884 2760  2.622
66 2896  2.768  2.627

By analyzing the activation energy, the material
transport mechanism during the sintering process can
be determined, which provides a theoretical basis for
the development of a reasonable sintering process.
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According to Eq. (4) [26]:

1
K =-=Bexp[-Q/(RT)] “4)
t
where Q is the sintering activation energy, kJ/mol; T is
the thermodynamic temperature, K; R is the molar gas
constant, which is 8.314 J/(mol'K) and B is an
experimental constant. After transformation of Fig. 4, we
have

lnt:2+lnB' (5
RT
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where In ¢ linearly depends on 1/7, Q/R is the slope of
the line, and the sintering activation energy Q can be
obtained according to the slope of the line.

By determining the value of In (AL/Ly) in Fig. 10,
we can obtain three sets of values for In 7 and 1/T. Using
Int as the ordinate and 1/7 as the abscissa, the
relationship curves between these two parameters are
presented in Fig. 12. By calculating the slopes of the
lines, the activation energies Q under the microwave
field for different green relative densities of 60%, 63%
and 66% are calculated to be 208.14, 206.45 and
203.65 kJ/mol, respectively.
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Fig. 10 Relative shrinkages of samples sintered at different
temperatures: (a) 1773 K; (b) 1823 K; (¢) 1873 K

Fig. 11 Sintering kinetic curves of samples with different green
relative densities and sintered at different temperatures:
(a) 60%; (b) 63%; (c) 66 %
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With the increase in the green density, the sintering
activation energy slightly decreases. This may be
attributed to the increase in the contact area and lattice
distortion among the powders with the increase in the
green density owing to the increased pressing pressure,
which facilitates the atom diffusion. On the other hand,
the trend of grain boundary diffusion slightly increases
with the increase in the compact density at the same
temperature, and the activation energy required for grain
boundary diffusion is smaller than that of volumetric
diffusion, so the sintering activation energy slightly
decreases. Compared with the conventional sintering of
pure Mo micro/submicropowder (Q is approximately
254 kJ/mol), the activation energy of the Mo
nanopowder during the microwave sintering is
effectively reduced. This is attributed to the high activity
of the used nanopowder and assisted atom diffusion by
the microwave field. Compared with the Mo
micropowder, the Mo nanopowder has more grain
boundaries and larger trend of grain boundary diffusion,
leading to a lower sintering activation energy.

4 Conclusions

(1) With the increase in the microwave sintering
temperature, the increase rates of the relative density and
hardness of the Mo nanopowder initially increased and
then decreased. The average grain size slowly increased
from 2.1 to 3.6 um, while the number and size of the
pores decreased accompanied with their morphology
change into spherical morphologies.

(2) The relative density rapidly reached 95% upon
the microwave sintering for 10 min and subsequently
slowly increased with the further increase in the sintering
time, while the microstructure exhibited a small change.
The Mo product with a relative density of 98.3%, and
uniform and fine microstructure was rapidly prepared by
the microwave sintering at 1873 K.

(3) The analysis of the sintering kinetics
demonstrated that the densification of the Mo
nanopowder during the microwave sintering was
attributed to the combination of the volumetric diffusion
and grain boundary diffusion mechanisms. Its sintering
activation energy was only 203.65 kJ/mol, which is
considerably lower than that in the conventional
sintering, suggesting that the microwave field was
beneficial to the enhancement in the atom diffusion and
densification of the powder.

(4) Compared with the conventional sintering, the
microwave sintering has advantages in terms of process
time, cost, microstructure and properties of the sintered
sample.
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