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Non-Isothermal Reduction Behavior and Microstructural Characteristics  
of MoO3 Powder in Pure Hydrogen Atmosphere

The reduction behavior and microstructure of both raw and ball-milled MoO3 powders have been investigated. The raw 
powder consisted of coarse plate-shaped particles, whereas the powder ball-milled for 5 h showed agglomerates composed of fine 
equiaxed particles. XRD analysis of the hydrogen-reduced powders indicated that only the diffraction lines for Mo are observed. 
In contrast, the milled powder exhibited the main peak of Mo and carbides peak as minor phases. The reduction kinetics of MoO3 
powders were evaluated by analyzing the extent of peak shift at various heating rates using thermogravimetric analysis. The acti-
vation energies for the raw powder were determined to range from 97.5 to 104.4 kJ/mol, which are approximately consistent with 
the values reported for the isothermal reduction of MoO3 in a hydrogen atmosphere. For the ball-milled powders, the activation 
energy was measured to be 148.8-167.1 kJ/mol, which was interpreted to be related to the carbides formed by the reaction of Fe 
and C impurities with Mo.

Keywords: MoO3 powder; ball milling; hydrogen reduction; activation energy; microstructure

1. Introduction

Molybdenum (Mo) is a valuable refractory metal for high-
temperature applications due to its unique physical, chemical, and 
mechanical properties [1,2]. Because Mo has a high melting point 
of 2610°C, powder metallurgy has been widely established as 
a process for producing bulk components. However, sintering of 
commercial Mo powder with a particle size of several microme-
ters requires a high temperature near 2000°C and a long time [3,4]. 
This process results in significant grain coarsening, which subse-
quently leads to the deterioration of mechanical properties. To en-
hance sinterability at low sintering temperatures and suppress 
grain growth, several novel methods, such as activated sintering, 
nano-sintering, and pressure sintering, have been proposed [5-7].

Since the driving force for sintering is mainly determined 
by the reduction in surface energy and curvature of the powder 
[6], minimizing particle size can significantly improve the sinter-
ability. Thus, nano-sintering using ultrafine powders is regarded 
as a promising method to enhance densification at relatively low 
temperatures. In this regard, the process of ball milling MoO3 
powder followed by hydrogen reduction has been developed to 
produce ultrafine Mo powder [8]. Considering the dependence 
of processing conditions on the microstructure of the prepared 

powder, it is essential to understand the milling process and 
hydrogen reduction behavior of the metal oxide to synthesize 
ultrafine metal powder with the required properties. This study 
investigates the reduction behavior of ball-milled MoO3 powder 
by thermogravimetric analysis at various heating rates in a pure 
hydrogen atmosphere. Furthermore, the influence of powder 
processing conditions on the microstructure of the synthesized 
powder is examined.

2. Materials and methods

The starting material used was molybdenum trioxide 
(MoO3, 99.9%, 1-5 μm, Kojundo Chemical Lab. Co.). The raw 
powder and balls of 3 mm in diameter were placed into a jar 
with high purity methanol. The milling was conducted using 
a planetary ball mill at 400 rpm for 5 h with a ball to powder 
weight ratio of 15:1, and the balls and jar were made of hardened 
steel. Stearic acid, equivalent to 1 wt.% of the total powder, was 
incorporated as a process control agent to inhibit excessive cold 
welding of powders.

The reduction behavior of ball-milled MoO3 powders was 
evaluated using a thermogravimetric analysis (TGA, Thremo 
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plus EVO2, Rigaku) from room temperature to 900°C at heating 
rates of 2, 5, 10 and 20°C/min in a hydrogen atmosphere with 
a purity of 99.999%. For comparative purposes, raw MoO3 pow-
der was analyzed under identical conditions. Phase identification 
of the powders was performed using X-ray diffraction (XRD, 
Dmax 2500, Rigaku) analysis. The morphology of powders 
was examined via field-emission scanning electron microscopy 
(FE-SEM, JSM-6700F, JEOL). The size distributions of the 
powders were determined by dynamic light scattering using 
nano SAQLA (Otsuka Denshi).

3. Results and discussion

Typical SEM image and particle size distribution of the raw 
and ball-milled MoO3 powders are shown in Fig. 1(a) and (b), 
respectively. The raw MoO3 powder is characterized by coarse 
plate-shaped particles, whereas the powder subjected to ball 
milling for 5 h exhibits agglomerates composed of fine equiaxed 
particles. As shown in Fig. 1, both powders have bimodal size 
distributions, with peak sizes of 0.09 and 0.34 µm for the milled 
powder, which are significantly smaller than those of 0.61 and 
26.4 µm for the raw powder.

The hydrogen reduction behavior of MoO3 powders was 
investigated by non-isothermal TGA at various heating rates 
from room temperature to 900°C. Fig. 2(a) and (b) show the TG 
curves for the relative weight and derivative weight loss during 
the heating process of raw and ball-milled powders, respectively. 
As can be seen from the relative weight curves in Fig. 2(a), the 

onset temperature of weight loss for the raw powder is in the 
range of 490-620°C, which is higher than the range of 350-430°C 
observed in the milled powder. According to the literature [9], 
the reduction of MoO3 to MoO2 by hydrogen occurs within the 
temperature range of 350°C to 600°C, while the deoxidation of 
MoO2 to Mo takes place from 600°C to 850°C. Therefore, the 
onset temperature depicted in Fig. 2(a) can be primarily ascribed 
to the reduction process of MoO3 to MoO2. However, further 
analysis is necessary to elucidate the relatively low onset tem-
perature observed in the milled powder.

Fig. 3(a) shows the XRD profile of the ball-milled powder 
after heating to 412°C at a rate of 5°C/min, which corresponds to 
the temperature of Tm3 indicating the maximum weight loss rate 
in Fig. 2(b). Diffraction lines corresponding to MoO3 were identi-
fied in the ball-milled powder. After heat treatment at 412°C in 
a hydrogen atmosphere, the MoO3 peak was no longer detectable, 
and only the diffraction lines for the MoO2 and MoOC phases 
were observed. The MoO2 phase is attributed to an intermediate 
phase formed through stepwise reduction of MoO3. Meanwhile, 
the formation of MoOC is believed to be the result of a reaction 
with carbon impurities introduced during the milling process 
using stainless steel balls and jar. The XRD results of the powder 
heated to the temperature at which the reduction reaction was 
completed are shown in Fig. 3(b). In the raw powder, only the 
diffraction lines for Mo are observed, whereas the main peak in 
the milled powder corresponded to Mo, and the peaks of Mo2C 
and Fe3Mo3C were visible as minor phases. Based on the re-
sults of the XRD analysis, the initiation of hydrogen reduction 
in the milled powder at a relatively low temperature, as depicted 

Fig. 1. SEM micrographs and particle size distribution curves of (a) raw and (b) ball-milled MoO3 powder
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in Fig. 2, is interpreted as being mainly due to the refinement of 
particles by ball milling and the presence of impurity carbon.

The reduction kinetics of MoO3 powders were assessed 
by examining the extent of peak shift at various heating rates 
in TGA. As shown in Fig. 2(b), the peak temperature (Tm), cor-
responding to the maximum rate of weight loss, shifts to higher 
temperatures as the heating rate increases. In non-isothermal 
mode, the Kissinger method determines the apparent activation 
energy assuming that the reaction rate reaches a maximum at 
the peak temperature [10]:
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where β represents the heating rate, Tm denotes the peak tem-
perature and R is the gas constant. Therefore, the apparent 
activation energy (Q) for the hydrogen reduction process can 
be determined from the slop of a plot of ln(β/Tm

2) against 1/Tm, 
as shown in Fig. 4.

For the raw powder, the activation energies correspond-
ing to the peak temperatures Tm1 and Tm2 were measured to be 
104.4 kJ/mol and 97.5 kJ/mol, respectively. The values obtained 
are approximately consistent with the reported activation ener-
gies for the isothermal reduction of MoO3 in a hydrogen at-

mosphere: 114-122 kJ/mol for the MoO3→MoO2 process [11] 
and 92.5 kJ/mol for the MoO2→Mo process [12]. Meanwhile, 
the activation energies for the peak temperatures Tm3 and Tm4 
in the ball-milled powder were determined to be 167.1 kJ/mol 
and 148.8 kJ/mol, respectively. The higher activation energy 
of the ball-milled powder compared to the raw powder can be 
interpreted as due to the formation of carbides resulting from 
the reaction between Fe and C impurities with Mo.

Fig. 2. (a) TG and (b) differential TG curves of raw and ball-milled MoO3 powders, scanned at various heating rates in hydrogen atmosphere

Fig. 3. XRD profiles of MoO3 powder at various processing stages: (a) ball milling and hydrogen reduction at 412°C, (b) hydrogen reduction of 
both raw and ball-milled powder at 775°C for 1 h

Fig. 4. Kissinger plots for the reduction of raw and ball-milled MoO3 
powders
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4. Conclusions

This study focused on the characterization and understand-
ing of the hydrogen reduction behavior of MoO3 powders. The 
raw MoO3 powder is characterized by coarse plate-shaped 
particles, whereas the powder subjected to ball milling for 5 h 
exhibits agglomerates composed of fine equiaxed particles. The 
hydrogen reduction behavior of MoO3 powders was investigated 
by non-isothermal TGA at various heating rates from room tem-
perature to 900°C. The onset temperature of weight loss for the 
raw powder is in the range of 490-620°C, which is higher than 
the range of 350-430°C observed in the milled powder. The XRD 
results for the hydrogen-reduced powders indicated that only the 
diffraction lines for Mo are observed in the raw powder, whereas 
the main peak in the milled powder corresponded to Mo, and 
the peaks of Mo2C and Fe3Mo3C were visible as minor phases. 
The activation energies for the raw powder were determined to 
104.4 kJ/mol and 97.5 kJ/mol depending on reduction steps of 
MoO3. In the ball-milled powders, the activation energies for 
the reduction peaks were measured to be 148.8-167.1 kJ/mol. 
The difference in activation energies was explained by the reac-
tion of Fe and C impurities in the ball-milled powder with Mo 
to form carbides.
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