
ES Mater. Manuf., 2021, 13, 97-105 

 

© Engineered Science Publisher LLC 2021                                                                                                                          ES Mater. Manuf., 2021, 13, 97-105 | 97 

 
 
 
 
 

Densification Behavior and Microstructure Evolution of Mo 
Manocrystals by Microwave Sintering 
 

Ruihu Wang,1, 2 Shilei Li,1 Peng Hu,1,* Shuqun Chen1 and Jinshu Wang1,* 

 

Abstract  

Fabrication of full-densified Mo metal with fine grain size and uniform microstructure is highly desired to improve its 
mechanical property. In this work, microwave-field-assisted thermal sintering was utilized to promote the fast densification 
of Mo nanocrystals, and the compact with high relative density of 99.8 % and fine grain size of 2.09 μm was obtained at 
1450 °C for 0.5 h with heating rate of 20 °C/min, which is much superior to the compact with density of 99.13 % and grain 
size of 7 μm fabricated by traditional thermal sintering at 1500 °C for 1 h. Further theoretical and experimental investigation 
reveals that effective volume heating transfer with low activation energy provides strong driven-force for densification of 
nanosized Mo powder at low temperature. 
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1. Introduction 

As a typical refractory metal, molybdenum has been widely 

applied in metallurgy, chemical engineering and aerospace 

fields owing to its excellent properties such as high strength, 

superior electrical and thermal conductivity and superior 

corrosion resistance.[1-3] Due to its high melting point of 2893 

K, Mo components are usually fabricated by powder 

metallurgy process at rather high sintering temperatures, 

which usually results in the over-coarsened grains with 

negative effect on mechanical properties.[4] In order to improve 

the sintering activity of molybdenum, refining the particle size 

has been recognized as a feasible strategy. It has been widely 

illustrated that fine nanopowders can effectively enhance their 

sintering activity due to its high specific surface areas.[5] In our 

previous work, quasi-spherical Mo nanopowders with average 

size of 30 nm was synthesized by thermal plasma synthesis 

route, and the sintering results illustrate that Mo compact with 

a relative density of 99.13 % and grain size of 7 μm is achieved 

at the low temperature of 1500 °C.[6]  Although nanocrystal 

sintering could effectively promote the densification and 

suppress grain coarsening, as-fabricated compact still 

possesses over-large grain size which needs to be further 

solved. 

As the critical process of the powder metallurgy 

technology, heating way plays a decisive role in the 

microstructure of the final product. Different from the heating 

mechanism of radiation and conduction in the conventional 

sintering process, microwave sintering can directly transfer 

heat to the materials through the coupling of electromagnetic 

waves, which leads to volumetric heating in the microwave 

field with enhanced heating efficiency,[7-9] and also possesses 

the feasibility for bulk component fabrication compared to 

spark plasma sintering. Recent work found that microwave 

sintering could achieve alloys with carefully designed 

microstructure and result in improved mechanical 

properties.[10-13] Chhillar et al. studied the microwave sintering 

process of micro sized molybdenum powder, and illustrated 

that increased density and decreased grain size could be 

obtained at a lower sintering temperature compared with the 

conventional sintering.[14] Duan et al. further investigated the 

kinetics mechanism of molybdenum powder during 

microwave sintering process, and concluded that microwave 

is beneficial to enhance the atomic diffusion and thus promote 

the densification process.[15] Although fine grain size of 3.6 μm 

was achieved in their work, 98.03 % relative density suggests 

the non-fully completed densification process. Up to now, the 

reports on microwave sintering of metal materials are still far 

less than traditional thermal sintering and spark plasma 

sintering. In addition, the theoretical investigation of the  
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Fig. 1 (a) Schematic diagram of insulation barrel structure: 1. Microwave source 2. Infrared thermometer 3. Gas inlet 4. Alumina 

fiber 5. Vacuum pump inlet 6. Sample 7. Silicon carbide 8. Gas outlet, (b) Heating curve of microwave sintering and conventional 

sintering. 

 

heating mechanism of microwave sintering is also seldom be 

reported, and understanding the fast heating process is 

beneficial to further promote the densification of metal 

compact, and also significant to fabricate other refractory 

metal based compacts with high density. 

In this work, the densification behavior and microstructure 

evolution of quasi-spherical molybdenum nanopowder during 

microwave sintering process was investigated, and its 

densification kinetics and multi-physics simulation were also 

conducted to understand the intrinsic sintering mechanism. 

The results show that enhanced heating efficiency in the 

microwave field greatly decreases the sintering activation 

energy with enhanced densification degree, and results in the 

formation of full-densified Mo metal with fine grain size. 

Accordingly, molybdenum compact with a relative density of 

99.8 % and grain size of 2.09 μm was rapidly fabricated at 

rather low temperature of 1450 °C for 30 min, which is 

significantly superior to the compact obtained by traditional 

sintering process. 

 

2 Experimental 

2.1 Fabrication of Mo compacts 

Nanocrystalline molybdenum powder was synthesized by 

thermal plasma synthesis route as illustrated in our previous 

work,[6] and as obtained powder was then pressed at 400 MPa 

for 5 min to form the green compact with diameter and 

thickness of 10 mm and 1 mm, respectively. The relative 

density was determined to be about 47.6 % of theoretical 

density.  

Microwave sintering was performed on a 4.5 KW, 2.45 

GHz microwave furnace (HAMiLab-VS4500, Changsha 

syno-therm Co., China), and a schematic illustration of the 

microwave reactor is shown in Fig. 1a. In a typical experiment, 

the mixed gas including 8% H2 and 92% Ar in volume ratio 

was firstly introduced into reactor and then bled by extracting 

pump. This process was repeated three times to remove 

residual air. After that, the sintering was conducted and the 

heating curve is shown in Fig. 1b. As indicated, the samples 

were firstly kept at 600 °C and 1000 °C for 5 min to effectively 

release internal residual stress, and then heated to different 

temperature with set heating rate and holding time. The 

sintering temperature was measured in real time by an Infrared 

thermometer located on the top of the furnace. During the 

whole process, the mixed gas was continually injected to keep 

the reducing atmosphere. As a reference, the green compacts 

were also sintered in tubular furnace under the same 

atmosphere without microwave field. 

 

2.2 Characterization 

The phase of molybdenum powder and sintered samples were 

analyzed by X-ray diffractometer (SHIMADZU XRD-7000). 

The microstructure and morphology of molybdenum 

nanopowder and sintered compacts were characterized by 

scanning electron microscope (FE-SEM, Hitachi SU8020). 

The fine structure of nano-molybdenum powder was 

investigated by transmission electron microscope (TEM, 

TALOS JEM-2010). The density of the sintered sample was 

measured with a density tester (ETNALN, ET-320M) by the 

Archimedes principle. The linear shrinkage of the sintered 

sample was characterized by calculating the changes in radial 

length. The grain size was measured by Nano Measurer 

software with calculating 100 grains. The Vickers hardness of 

the sintered samples was conducted on a Microhardness Tester 

(HXP-2000TM) with a load of 200 gf for 15 s, and the average 

hardness was obtained by testing 10 times for each sample. 

 

2.3 Multiphysics simulation 

The electromagnetic field distribution during microwave 

sintering was simulated by finite element simulation using 

COMSOL Multiphysics software. By solving Maxwell's 

equations,[16-18] the electromagnetic field distribution intensity 

in the microwave field cavity can be obtained. The frequency 

value of the magnetron is set to 2.45 GHz, and the cavity was 

energized by microwave propagating through three standard 

Magnetrons in the TE10 mode at 800 W. 
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Fig. 2 (a) SEM, (b) TEM, (c) HRTEM and (d) XRD images of molybdenum nanopowders synthesized by thermal plasma. 

 

3. Results and discussion 

3.1 Microstructure of molybdenum nanoparticles 

The typical morphology and microstructure of molybdenum 

nanopowders synthesized by thermal plasma are shown in Fig. 

2. SEM image illustrates the quasi-spherical shape and well 

dispersion of obtained nanoparticles as shown in Fig. 2a. TEM 

image in Fig. 2b further indicates that the average size of the 

prepared molybdenum nanopowder was about 30 nm. Fig. 2c 

presents the HRTEM image of obtained nanopowder, and the 

clear lattice fringe image illustrates its high crystallinity. The 

lattice distance of about 0.22 nm was determined by 

measuring the adjacent lattice spacing, which is well 

corresponding to the (110) plane of the molybdenum crystal. 

XRD pattern of the molybdenum powder is shown in Fig. 2d, 

and all the diffraction peaks are well assigned to the body-

centered cubic structure of molybdenum (JCPDS 42-1120) 

without oxides or other compounds detected. 

 

3.2 Microstructure evolution of Mo compacts sintered at 

different temperatures  

Microstructural evolution during sintering process was 

investigated by analyzing the fracture surface of compacts 

obtained at different temperature as shown in Fig. 3. It can be 

clearly seen that the intergranular brittle fracture is the 

 
Fig. 3 SEM fracture images and grain distribution histogram of samples produced by microwave sintering for 0.5 h at different 

temperatures: (a) 1100 °C, (b) 1150 °C, (c) 1200 °C, (d) 1250 °C, (e) 1300 °C, (f) 1350 °C, (g) 1400 °C and (h) 1450 °C. 
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dominant fracture mode for Mo. When the sintering 

temperature increased from 1100 °C to 1150 °C (as shown in 

Fig. 3a and b), obvious aggregation of particles with the 

generation of sintered neck (as inset shown in Fig. 3b) could 

be clearly observed, and resulted in the formation of non-

dense compacts. When the temperature further increased from 

1200 °C to 1250 °C (Fig. 3c and d), continuous grain growth 

proceeded and led to the sharp decrease of pore numbers 

among the grains. During this stage, the shape of grains was 

also changed to multi-faceted to obtain lower grain-boundary 

energy. It should be noted that the grain size started to beyond 

micrometer at the temperature of 1250 °C (1.09 μm). With the 

holding temperature elevating from 1300 °C to 1350 °C, the 

size of the grains increased from 1.49 to 1.53 μm, and the 

pores in grains continuously shrunk and then migrated to grain 

boundaries through mass transport, indicating the almost 

completed densification process. As the sintering temperature 

further increased from 1400 °C to 1450 °C as shown in Fig. 

3g-h, the pores located at the grain boundary gradually 

disappeared and the full-densified compact with grain size of 

2.09 μm was obtained at 1450 °C with almost completely 

disappeared pores. 

 
Fig. 4 Effect of sintering temperature on the relative density of 

the Mo samples obtained by microwave sintering and 

conventional sintering. 

 

Fig. 4 shows the comparison of relative density of 

molybdenum samples obtained by microwave sintering and 

thermal sintering in tubular furnace without microwave field 

at different sintering temperatures. With the increase of 

sintering temperature, the density of two samples continuously 

increased, but the increase rates could be clearly divided into 

two regions around 1300 °C. At the temperature below 

1300 °C, the densification rates of the conventionally sintered 

samples increased faster than that of sample produced by 

microwave sintering, resulting in higher density. However, a 

reversed tendency was observed when the temperature was 

higher than 1300 °C. Fast densification rates of microwave 

sintering were observed and led to the higher relative density 

than the thermal sintered samples without microwave field. 

The results indicate that microwave field is more efficient to 

improve the densification at high temperature. Impressively, 

the compact with a grain size of 2.09 μm and relative density 

of 99.8 % was obtained by microwave sintering at 1450 °C, 

which is even superior to the sample obtained by thermal 

sintering at 1500 °C for 1 h (density of 99.13 % and grain size 

of 7 μm), illustrating the advantage of microwave field on 

promoting the sintering densification with well suppressed 

grain growth. 

In microwave sintering, there are two heating matters that 

drive the densification of powders. One is the volume heating 

originated from arc discharge and magnetic loss mechanisms 

of metal in microwave field, and the other is the 

supplementary heating by microwave absorbed silicon carbide. 

At the low temperature, the porous structure of compact 

limited the volume heating efficiency,[19] and the densification 

was mainly promoted by the heated silicon carbide through 

heat radiation and conduction. Because of the fast heating rate, 

the sintering time was much shorter than conventional thermal 

sintering, thus led to the formation of porous compact with low 

density. When the temperature increased, the arc discharge and 

magnetic loss in metal were dominant due to the decreased 

porosity,[20] and the various thermal and non-thermal effects 

induced by microwave field were also enhanced,[21] which all 

greatly improved the volume heating efficiency with sharply 

enhanced densification rates, and resulted in the highly 

densified compact with much fine grain size than conventional 

thermal sintering. 

 
Fig. 5 SEM fracture images of samples microwave sintered at 

1450 °C for 0.5 h at different heating rates: (a)10 °C/min, (b) 

20 °C/min, (c) 30 °C/min and (d) 40 °C/min. 

 

3.3 Microstructure evolution of Mo compacts sintered at 

different heating rates 

Fig. 5 shows the fracture surface of the samples sintered at 

1450 °C for 0.5 h with different heating rates. With the heating 
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rate increased from 10 °C/min to 40 °C/min, the average grain 

size of the sintered samples was quickly reduced from 2.4 μm 

to 1.4 μm, but the size distribution became non-uniform at 

high heating rate of 40 °C/min. In microwave sintering process, 

the heating rate was mainly controlled by input power, and 

high input power tended to cause the locally over-heated sites 

with non-uniform thermal effect,[22-23] and over-grown grain at 

these sites resulted in the large difference in gain size. In 

addition, the phenomenon even led to deformation and 

cracking in the sintered product.[24] 

 
Fig. 6 Effect of different heating rate on relative density and 

linear shrinkage of microwave sintered samples at 1450 °C for 

0.5 h. 

In addition, the heating rates also have great influence on 

the relative density and linear shrinkage of obtained compact. 

As shown in Fig. 6, both of the relative density and linear 

shrinkage were decreased with the increased heating rate, and 

4.56 % and 1.26 % decrease in relative density and linear 

shrinkage could be observed for the sample obtained at heating 

rate of 40 °C /min compared to that obtained at 10 °C /min. 

Therefore, reasonable control of the heating rate of the 

sintering process is necessary to adjust the density and grain 

size of compact with uniform microstructure by microwave 

sintering. 

 

3.4 Microstructure evolution of Mo compacts sintered with 

different holding time 

The fracture surface of the samples sintered at 1350, 1400, and 

1450 °C with different holding times are shown in Fig. 7, and 

it is clear that the holding time had little effect on the grain 

size of the microwave sintered compacts compared with 

sintering temperature. At the temperature of 1350 °C, the 

average grain size increased from 1.23 μm to 1.58 μm with the 

holding time increasing from 10 min to 40 min, while the 

increase from 1.66 μm to 1.95 μm and 1.97 μm to 2.29 μm 

were observed at 1400 °C and 1450 °C, respectively. In 

addition, the relative densities were also continuously 

increased due to the proceeded densification process from 10 

min to 40 min, and the increase from 94.7 % to 97.6 % at 

1350 °C, 95.9 % to 98.5 % at 1400 °C and 96.8 % to 99.8 % 

at 1450 °C were observed, respectively. 

 
Fig. 7 SEM fracture images of samples microwave sintered at 1350 °C, 1400 °C and 1450 °C with different holding time. 
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Fig. 8 (a) Sintering kinetic curves of compacts microwave sintered at different temperature, (b) relationship curve between ln t and 

1/T. 

 

3.5 Densification kinetics of Mo during microwave 

sintering process    

According to the empirical sintering law, the rate equation of 

the sintering process can be expressed as follows:[25] 

 
∆𝐿

𝐿
= 𝐴(𝑇) ∙ 𝑡

1

𝑛                                  (1) 

ln
∆𝐿

𝐿
=

1

𝑛
𝑙𝑛𝑡 + 𝑙𝑛𝐴(𝑇)                        (2) 

where 
∆𝐿

𝐿
  is the linear shrinkage of the sample; 𝐴(𝑇)  is a 

constant related to the sintering temperature; 𝑡 is the sintering 

time (min), and 𝑛 is the sintering characteristic index which 

can be used to determine the mass migration mechanism 

during the sintering process. 

According to Eq. (2), it can be clearly seen that ln
∆𝐿

𝐿
 has a 

linear relationship with ln  𝑡  and the slope of line is 1/n. 

Therefore, the characteristic index 𝑛  of the sintering kinetic 

equation can be determined by calculating the slope of the line. 

Using the relative shrinkage values of the samples sintered at 

1350, 1400 and 1450 °C with different sintering time, the 

linear relationship between ln
∆𝐿

𝐿
  and 𝑙𝑛𝑡  can be obtained as 

shown in Fig. 8a. Through linear regression processing, 

sintering kinetic equations at different temperatures can be 

obtained as shown below: 

1350°C: ln
∆𝐿

𝐿
 = 0.3539𝑙𝑛𝑡 + 1.6893 

=
1

2.8257
𝑙𝑛𝑡 + 1.6893                (3) 

1400 °C: ln
∆𝐿

𝐿
= 0.3674𝑙𝑛𝑡 + 1.7243 

=
1

2.7218
𝑙𝑛𝑡 + 1.7243                (4) 

1450 °C: ln
∆𝐿

𝐿
= 0.3836𝑙𝑛𝑡 + 1.7429 

=
1

2.6069
𝑙𝑛𝑡 + 1.7429                (5) 

The volumetric diffusion is the main migration mechanism at 

𝑛 = 2.5 , while the grain boundary diffusion is the main 

migration mechanism at 𝑛 = 3 . According to the results of 

Eqs. (3), (4) and (5), 𝑛  at the three temperatures were 

determined as 2.8257, 2.7218 and 2.6069, respectively. 

Therefore, the densification of the molybdenum nanopowder 

during the microwave sintering could be ascribed to the 

combination of the grain boundary diffusion and volumetric 

diffusion. Furthermore, the values of n are decreased with the 

increase in the sintering temperature, indicating that the 

volumetric diffusion gradually becomes the dominant 

migration way.  

According to the Arrhenius formula, the relationship 

between the sintering rate K  and the temperature 𝑇  can be 

expressed as: 

K =
1

𝑡
= 𝐵𝑒−

𝑄

𝑅𝑇                                     (6) 

𝑙𝑛𝑡 = 𝑙𝑛𝐵 +
𝑄

𝑅𝑇
                                    (7) 

where 𝑄  is the sintering activation energy, kJ/mol; 𝐵  is the 

experiment constant; 𝑅  is the molar gas constant, 8.314 

J/mol∙K, 𝑇 is the thermodynamic temperature (K). It can be 

seen from Eq. (7) that 𝑙𝑛𝑡 has a linear relationship with 
1

𝑇
, and 

𝑄

𝑅
 presents the slope of the line. Thus the activation energy of 

microwave sintering can be obtained by calculating the slope 

of the line shown in Fig. 8a. Taking ln
∆𝐿

𝐿
= 2.8, we can get 

three sets of 𝑙𝑛𝑡  values corresponding to different 

temperatures, and the obtained thermodynamic curve is 

presented in Fig. 8b. Through the linear regression processing, 

the thermodynamic equation can be obtained as follows 

𝑙𝑛𝑡 = 2.2436 × 104 ∙
1

𝑇
− 10.6741                  (8) 

By calculating the slope of the line, the sintering activation 

energy under the microwave field is calculated to be 186.53 

kJ/mol. Compared with the traditional sintering of pure 

molybdenum microsized powders (𝑄 is about 254 kJ/mol), the 

activation energy of nanosized molybdenum powder is 

effectively decreased during the microwave sintering process, 

which is responsible for the formation of fine-grained and 

fully densified compact at rather low temperature of 1450 °C. 

 

3.6 Microhardness evolution of obtained compacts 

Fig. 9 gives the microhardness evolution of compacts obtained 

at different sintering parameters. As shown in Fig. 9a, the  
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Fig. 9 Effect of (a) sintering temperature, (b) heating rate and (c) holding time on the hardness of obtained compacts. 

 

microhardness firstly increased with the increasing 

temperature, and reached the maximum value of 359.51 HV at 

1250 °C, which was about 10.7 % increase over the maximum 

hardness value of 321 HV obtained by thermal sintering of the 

same Mo powder without microwave field,[6] and also much 

higher than the values reported in other works.[4,14,15,26,27] Then 

the hardness of the compacts started to decrease when the 

sintering temperature further increased. The evolution of 

hardness could be well explained by the compromised effect 

of density and grain size according to the Hall-Petch 

equation.[28,29] When the sintering temperature was elevated, 

the gradually proceeded densification favors the improvement 

of the hardness, while the over-coarsened grain resulted in the 

deterioration of the hardness, thus the highest value was 

obtained at defined temperature with the coordination between 

density and grain size. This mechanism was also feasible to 

explain the similar evolution tendency of hardness with the 

increased heating rates and holding time shown in Fig. 9b and 

c. 

3.7 Finite element simulation of microwave sintering 

process 

To get a better understanding of the sintering mechanism of 

microwave field, the COMSOL Multiphysics was used to 

simulate the electromagnetic field distribution during the 

microwave sintering process. Fig. 10a and b illustrate the 3D 

diagram and finite element model of the microwave field 

formed by three rectangular waveguides excited at the TE10 

mode. Fig. 10c and d give the schematic distributions of the 

electric and magnetic field at the ZOY section (In the space 

rectangular coordinate system, the plane formed by the Z axis 

and the Y axis) in the cavity. When the microwave propagated 

in the furnace cavity and encountered the inner wall of the over, 

it will be reflected and continuously superimposed to produce 

a standing wave, which resulted in the formation of non-

uniformly distributed electromagnetic field in the cavity. After 

placing the sample in the microwave field (as shown in Fig. 

10e and f), the distribution of electromagnetic field in the 

furnace cavity was affected to a certain extent due to the  

 
Fig. 10 (a) 3D modeling diagram, (b) finite element model, (c) electric field distribution in microwave empty cavity, (d) magnetic 

field distribution in microwave empty cavity and (e) electric field distribution, (f) magnetic field distribution, (g) electric field of 

sample, (h) magnetic field distribution of the sample during microwave sintering. 
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microwave absorption by the auxiliary heating material and 

the molybdenum compact, which weakened the intensity of 

the electromagnetic field inside the cavity. Microwave energy 

was absorbed by sample and then converted into heat energy 

through loss mechanism including dielectric loss caused by 

electric field, conductance loss and magnetic loss by magnetic 

field.[30] By analyzing the distribution of electromagnetic field 

at the cross section of the molybdenum compact (Fig. 10g and 

h), it was found that the surface had higher electric field and 

magnetic field density than the inner part of the sample, which 

suggested that more microwave energy were absorbed by the 

interior of compact with more heat energy produced, and the 

volume heating including the arc discharge and magnetic loss 

could be identified as the main driven-force for densification of 

Mo compact in the microwave field.[31,32] This heating method 

was more superior to the heating radiation and conduction from 

outside to interior of the compact by the thermal sintering process 

without microwave field, facilitating the formation of full-

densified Mo metal with fine grain size and uniform 

microstructure. In addition, the various thermal and non-thermal 

effects induced by microwave field also provided additional 

driving forces for the formation of sintering necks,[33-35] which 

had positive effect on the densification process of Mo compact. 

 

4. Conclusion 

In summary, microwave sintering of nanocrystalline Mo powder 

was systemically investigated by analyzing the densification 

behavior and the microstructure evolution during sintering 

process. Nearly full-densified compact with relative density of 

99.8 % and grain size of 2.09 μm was obtained at rather low 

temperature of 1450 °C for 0.5 h, which is much superior to the 

compact with density of 99.13 % and grain size of 7 μm fabricated 

by traditional thermal sintering at 1500 °C for 1 h. Mechanistic 

investigation reveals that the greatly enhanced driven force of 

densification is originated from the unique heating way in 

microwave field, and is responsible for the formation of highly-

dense and fine-grain compact, which was further examined by the 

kinetics analysis of densification process at different 

temperatures.  
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