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Abstract: MoO, powders compacted under different uniaxial pressures ranging from 100 to 800 MPa,
corresponding to the compact densities ranging from 55% to 65%, respectively, were sintered at
targeted temperatures within 650-1050 °C for 1 h in an N atmosphere. Then, their densification
kinetics and grain growth were investigated. With regard to the densification of MoO, powders at
room temperature, a linear relationship was observed between the compact density and log pressure
in the uniaxial pressure range without fracture and local deformation. The relative densities of
the sintered MoO; samples increased with increasing compact density and sintering temperature.
At a given sintering temperature, the sample with the highest compact density exhibited the best
densification rate. The grain size in the sintered samples was proportional to the relative density,
and the grain growth obeyed the Arrhenius equation. The sintered samples with 55%, 60%, and 65%
densities during the sintering process have different activation energies values depending on the
sintering temperature. At low sintering temperatures, the activation energies for 55%, 60%, and 65%
compact densities were 50.8, 39.6, and 26.1 k] /mol, respectively, and at higher sintering temperatures,
the corresponding values were 19.8, 21.5, and 25.4 kJ /mol.
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1. Introduction

Sintering is a crucial process in the manufacture of ceramic materials as it bonds
particles together to attain strong and functional shapes by employing a firing mechanism.
The sintering process is irreversible because the particles sacrifice surface energy to build
bonds; the reductions in surface energy and interparticle pores via high-temperature
atomic diffusion drive sinter bonding. This is typically a high-temperature, time-consuming
process, particularly in the case of ceramic materials that exhibit high melting points and low
atomic diffusion coefficients [1,2]. Efforts toward the further commercialization of sintered
products have manly sought to enhance densification to achieve improved toughness
and strength. The densification of ceramic materials depends on several factors such as
temperature, time, particle size, distribution, and initial density (or compact density) [3-5].

Powder processing is a common technique used for forming ceramic products before
sintering. Ceramic powder pressing is a common green forming technique because of its
low cost, high speed, and intermediate shape-forming capability. Furthermore, the quality
of the microstructure of a sintered powder compact strongly depends on the density of
the green compact, which, in turn, is determined by the behavior of the powder during
compaction [6]. During sintering of the ceramic powder compact, densification and grain
growth occur simultaneously [7]. Diffusional mechanisms dominate the sintering process
under high-temperature conditions, and the dominant path for diffusion is usually along
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the grain boundaries [8]. Grain boundary diffusion may govern the sintering process
because, from the perspective of the classical grain boundary diffusion theory, the grain
boundaries act as perfect sources and sinks for the diffusing species during the diffusion
process, and an interface reaction concurrently occurs owing to the addition or removal of
vacancies from the grain boundary. Both grain boundary diffusion and interface reactions
cause the densification and grain growth of the ceramic powder compact and control the
sintering process [9]. As aforementioned, the configuration of interconnected powders
differ depending on the powder compact density, and such a network of powders can
significantly affect the densification and grain-growth rate because of the limitations of
grain boundary diffusion and interface reactions during sintering. However, studies on the
densification and grain growth of ceramic powders with different compact densities have
been scarce.

For the fine bezel in a thin-film transistor (TFT) backplane, MoO; is applicable as a
cost-effective and reliable thin-film material. As a functional film, it lowers the reflection
of the metal-mesh electrode and enhances shadow elimination [10]. The thin film was
fabricated via a sputtering process using a MoO; target, and the target was manufactured
using a sintering process using MoO, powder. The quality of a thin film is influenced by
its microstructure, that is, the densification and grain size of the target materials [11-13]. In
addition, pressureless sintering (PS) is advantageous in fabricating complicated ceramic
components as compared to spark plasma sintering (SPS) or hot pressing (HP), which
are associated with restricted sample sizes. However, the comprehensive performance
of PS, including high-temperature strength and creep or ablative resistance, is severely
limited [14,15]. As the display industry moves towards larger sizes, there is an increasing
demand for large-area target materials. While SPS and HP sintering processes require
large-scale equipment, leading to exponentially increasing costs, PS offers a cost-effective
solution for producing large-area target materials. To enhance the quality of MoO, target
materials, densification is essential, necessitating research on densification mechanisms,
inter-particle diffusion, and grain growth. However, research in this area remains limited.

This study aimed to investigate the solid-state sintering process of pure micro-MoO;
powders. By studying the kinetics of densification and grain growth in binderless powder
compacts of varying densities, we sought to gain insights into the sintering behavior. Given
the influence of densification and grain size, investigating grain-growth kinetics can prove
theoretical guidance to determine the powder compact density for achieving the desired
properties. In addition, a plot of grain size versus relative density was drawn to express
the densification and grain growth of MoO, compacted powder during sintering.

2. Materials and Methods

Commercial MoO, powder (99.9% purity; MTI Corp, Richmond, CA, USA) with
polygonal structures and a mean particle size of 1.85 &= 0.7 um were used as the raw powder.
As shown in Figure 1a, the powder exhibited a polygonal morphology. The particle size
distribution histogram (Figure 1b) revealed that the particle size distribution was relatively
narrow, centered around 1.85 pm, with minor populations at large (approximately 3 pum)
and small (approximately 1 um) particles. The XRD pattern of the powder (Figure 1c)
showed peaks at nearly identical 20 values compared to the COD 96-154-8688 standard for
MoO, (monoclinic, a = 5.61A;b=485A;c=562A; 3 =120.9°), indicating a high degree
of phase purity with negligible impurities [16]. The powder was weighed and fed into a
cylindrical steel die for compression. To minimize friction between the powder and the
mold during compaction, the mold surface was coated with zinc stearate. In this study,
to investigate the particle diffusion between powders as a function of compact density,
powder samples were compacted without any binder and subsequently sintered. The
powder was compressed uniaxially at pressures between 100 and 800 MPa into compacts
of 6 mm diameter. In each case, the pressure was retained for 5 min to achieve even
spreading of pressure. Compact densities of 55-65% were achieved. The compact density
was determined using the apparent density method. The apparent density was calculated
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by measuring the weight of the compacted sample and determining its volume. The
apparent densities measured under the same pressure showed approximately 1% variation.
Subsequently, the green compacts were placed in a high-temperature electrical furnace
(MTI Corp, Richmond, CA, USA) under N; atmosphere. The sintering profile commenced
with a heating rate of 5 °C/min up to the targeted sintering temperatures (650-1050 °C).
The holding time was 1 h at each designated temperature. The samples were cooled at a rate
of 20 °C/min to room temperature. The sintering temperature interval used in the study
was 50 °C. To ensure specific temperature control, a type-S thermocouple was applied to
the furnace equipment, and the electric power required for the set sintering schedule was
traced using a potentiometer. The densities of the green compacts and sintered samples
were measured using the geometric method and Archimedes’ principle, respectively. A
theoretical density value of 6.46 g/cm> was calculated on the basis of the X-ray diffraction
(Rigaku Smartlab, Rigaku Co., Ltd., Tokyo, Japan) results.
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Figure 1. (a) SEM image, (b) particle size distribution, and (c) XRD patterns of the as-received
MoO, powders.

For scanning electron microscopy (SEM), gold was sputtered on the sample surface
to ensure sufficient conductivity. Field-emission scanning electron microscopy (FE-SEM;
SU5000, Hitachi Co., Ltd., Tokyo, Japan) was performed at an accelerating voltage of 15 kV
to characterize the surface morphology during sintering. The mean grain sizes of the
samples prepared under different conditions were statistically measured based on the
recorded images and calculated using an image analysis software (Image-Pro v.10.0.13,
Media Cybernetics Inc., Rockville, MD, USA). The mean grain size was determined using
the following equation [17]:

G=156xL 1)

where G is the mean grain size and L is the mean grain boundary length for approximately
80 grains.

3. Results and Discussion

Figure 2a shows the relationship between the compact density and uniaxial pressure of
the MoO, powders. Evidently, the compact density of the powders suddenly increased at a
low pressure of 100 MPa, and it gradually increased with an increase in applied pressure.
In the initial state of compaction under a pressure of 100 MPa, the powder particles were
rearranged owing to the filling of large pores, thereby necessitating a low pressure. When
the rearrangement of the particles is complete, the powder particles can be packed by
forming a localized agglomeration, resulting in a reduction in the volume of the powder
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mass with further applied pressure [18]. Figure 2b shows the linear relationship between
compact density and log pressure. In contrast to previous reports [19], the results of this
study did not exhibit a second linear dependence of the density on the log pressure; the
critical stress corresponding to the change in slope was interpreted as a qualitative index
of the fracture stress of the particle, leading to continued sliding and rearrangement [20].
Below 800 MPa, the MoO, powders completely glided and rearranged without fracturing
and local deformation.
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Figure 2. Variation in relative compact density with (a) pressure and (b) log pressure.

Figure 3a shows the relative densities of the MoO, samples sintered at different
temperatures. The sintering temperatures are 650-1050 °C at intervals of 50 °C, and the
dotted curves were plotted based on the Boltzmann fitting function by using a data analysis
software (Origin2023b, Origin Lab, Northampton, MA, USA). The curves exhibit a familiar
sigmoidal shape, indicating that the sintered densities obtained at any sintering temperature
show a modest but systematic dependence on the compact densities. The maximum density
at the sintering temperature of 1050 °C depended on the compact density; the higher the
compact density, the greater the sintered density. The sigmoidal shapes in Figure 2a have
been reported in several studies on the variation in the relative density with the heating
rate for ceramic powders [21,22]. Figure 2b shows the densification rates (K) at different
sintering temperatures. The densification rate (o) is widely used to explore densification
kinetics and is calculated by using the following equation [23]:

. dp
P= 2)
where p is the relative density and ¢ is the heating time (s). The heating rate was fixed
at 5 degrees Celsius per minute, and the time derivative of density was calculated for
each sintering temperature. As shown in the plots in Figure 2b, the densification rate
of the sample with a lower compact density remains consistently lower than that of the
sample with a higher compact density throughout the entire sintering temperature range
of 650-1050 °C. A lower compact density indicates a larger porosity within the sample,
and the elimination of the solid/vapor interface is faster than that of the sample with a
higher compact density. This is because the surface diffusion from the surface source to
the neck of the powder has the lowest activation energy at lower sintering temperatures.
Moreover, particle rearrangement is probably more predominant at lower compact densities
owing to the much lower rigidity of the particle network. With an increase in the sintering
temperature over 650 °C, samples with higher densities exhibit greater densification rates.
For atoms to undergo diffusion, they must overcome the energy barrier associated with
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changing their position. This necessitates an increase in the kinetic energy of the atoms,
requiring a corresponding increase in the temperature based on the following equation:

*

)

KsT

v= voexp< 3
where vy is the pre-exponential factor, G* is the magnitude of the energy barrier, Kp is
Boltzmann'’s constant, and T is the temperature. The higher the compact density, the smaller
he porosity; therefore, the atoms in a sample with a higher compact density can easily
diffuse or jump, thereby enhancing the densification rate. Therefore, a peak densification
rate for higher compact density is represented at lower sintering temperatures, as can be
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Figure 3. (a) Relative densities of MoO, samples sintered at different temperatures. (b) Plots of
densification rate and sintering temperatures.

Figure 4 shows the XRD patterns of as-received MoO, powder and MoO, samples
sintered at different temperatures. The positions of the major and minor peaks in the XRD
patterns are nearly identical for all samples, suggesting that no substantial phase transfor-
mation occurred in MoO, during the sintering process conducted under N, atmosphere at
temperatures ranging from 650 to 1050 °C for 1 h.
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Figure 4. XRD patterns of as-received MoO, powders and samples sintered at different temperatures.
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Figure 5 shows the microstructures of the fracture cross-section of the sintered samples
with different compact densities; the relative densities were less than 0.95. As evident
from the images, the microstructure shows loosely packed particles and pores forming an
interconnected network through the material. During the sintering process, grain growth of
the powders occurred compared with the initial size of 1.85 pm. In addition, the grain sizes
of the sintered samples increased with an increase in the compact density. An apparent
tendency to evolve toward a more homogeneous microstructure with a higher compact
density due to particle rearrangement is noted. Particle rearrangement is geometrically
possible because of free-space interparticle forces. At higher compact densities, more
interparticle forces are exerted by capillary tension upon sintering, with greater activation
of surface diffusion. With an increase in the sintering temperature, coarsening occurs owing
to the increase in interparticle contact, which is repeatedly perturbed by surface diffusion
and movement of the grain boundary; therefore, more coarsening particles are observed in
the sample with the highest compact density (Figure 5c) [23].

Figure 5. SEM images of the fracture cross-section of the sintered MoO, samples with the compact
densities of (a) 55%, (b) 60%, and (c) 65% at 1050 °C for 1 h.

Figure 6 shows a plot of the mean grain size versus sintering temperature for varied
compact density. As shown in the figures, the mean grain size increased with increasing
sintering temperature and compact density, implying a linear relationship between mean
grain size and sintering temperature. The dotted lines are fitted by individual points, and
the slope value increases with the compact density. The sintering process involves pore
elimination via interfacial atomic diffusion, and according to classical sintering theory, this
mechanism dominates densification [24]. This can be represented as a particle/pore mi-
crostructure as in Figure 3, which is visualized using a random particle network described
by DeHoff [25]. The coordination number N of an average particle in this network increases
with the density as according to the following equation [26]:

1-p Yy

p  N-2

4)

An increase in N indicates an increase in the contact area between the particles, and
the frequency of atoms jumping into neighboring particles also increases. The particles in
the samples with a higher compact density easily coarsened at a higher rate. A particle
with a tetrakaidecahedron shape, which is a 14-sided polygon with 35 edges and 24 corners
that packs to full density, are apparently observed in the sample with a compact density of
65% more than that of 55%.

Figure 7 shows a compilation of the measured grain sizes plotted against the density
for all samples with different compact densities. The grain size increased with increasing
relative density, and based on the plots, the increasing rate of the grain size can be divided
into three stages. Stage 1, below a relative density of approximately 78%, shows rapid
grain growth owing to the surface diffusion over a long time at low temperatures, possibly
contributing to grain growth without significant densification (Figure 2a) [1]. Below a
relative density of 80% in stage 1, such a loose compact state follows Lay’s densification
model [27] because the particles can rotate easily due to the grain boundary torque, which
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provides a large dihedral angle and favorable conditions for grain growth, resulting in rapid
grain growth [28]. The slower grain growth in stage 2 was caused by the interconnected
pores, which had a strong pinning effect on the grain boundary and restrained grain-
boundary movement. However, the densification rate was high because of pore shrinkage
and movement through grain boundary channels. Above a relative density of ~90% in
stage 3, the few pores remaining on the grain boundaries have a sufficiently low size such
that their mobility becomes close to that of the grain boundary, resulting in enhanced grain
growth. The mass of the particles can also be easily transferred owing to the extension of the
interconnected area among the particles with densification. This phenomenon of rapid grain
growth over a high critical relative density has been reported in previous studies [29,30].
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Figure 6. Relationship between mean grain size and sintering temperature as a function of the

compact density. The dotted line represents the standard deviation of the mean grain size.
The classical grain growth kinetics [31-33] can be expressed as follows:
Gi — Gy = Kt ®)

where G; is the grain size at a given time, Gy is the initial grain size, n is the grain growth
exponent, K is a constant, and ¢ is the sintering time. The variable # represents the grain
growth behavior, and its value can be divided by the diffusion mechanism on the pore
control as follows: 2 for vapor transport, 3 for vapor transport and lattice diffusion, and
4 for surface diffusion. The n value, even if a constant value is observed over a wide
temperature and grain size range, does not indicate a specific mechanism; however, a
value of 3 is most commonly observed [34]. The activation energy (Q, k] /mol) for grain
growth within the sintered MoO, samples with different compact densities was calculated
according to the Arrhenius behavior [35]:

K = Kgexp <_R%") (6)
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where Kj is a constant, R is the gas constant (=8.314 J/(mol-K)), and T is the absolute
temperature. The activation energy Q is the log of both sides of Equation (5) and can be
expressed as

ln<Gt3 - cg) = InKg + Int — Q/RT @)
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Figure 7. Grain growth behavior as a function of relative density. The dotted line represents the
standard deviation of the mean grain size.

Equation (7) indicates that InG and 1/T show a linear relationship at the same sintering
time, as shown in Figure 8, and the slope indicates the activation energy for grain growth.
The calculated values of activation energy for the grain growth according to Equation (7)
are summarized in Table 1, along with the reliability of the fit in the selected temperature
ranges for different compact densities. A close examination of the graph reveals a linear
relationship between the In values of the y-axis and temperature for sintering temperatures
below 750 °C, while a slight non-linearity is observed at higher temperatures. Linear fitting
of individual data points yields R-squared values exceeding 0.996 for lower sintering tem-
peratures, indicating a strong linear correlation. For sintering temperatures above 750 °C,
the R-squared value decreases slightly to around 0.968. Nevertheless, given the high R-
squared values obtained even at higher temperatures, the activation energy was calculated
using Equation (7). Interestingly, the slopes for the samples with the compact density values
within 55-60% were changed; however, the slope values for the sample with a compact
density of 65% were a little varied at the sintering temperature of 750 °C indicated by the
dotted line in Figure 8. This indicates that the dominant diffusion mechanism differed de-
pending on the temperature of the loose compact samples. Below the sintering temperature
of 750 °C, the slope values dramatically decreased with an increase in the compact density,
indicating that the activation energy for grain growth decreases when the MoO; samples
were denser at lower sintering temperatures. The results showed a decline in the activation
energy in the sample with a high compact density, suggesting that more than one grain
growth mechanism is operative in previously reported sintering experiments [36,37]. The
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decreasing trend in activation energies is reasonable for deducing that volume diffusion
is the dominant grain growth mechanism as a function of the compact density. Therefore,
atom diffusion for the samples with low compact densities was more difficult for those
with high compact densities because of the long distance between particles at the beginning
of sintering. As a result, higher activation energy for grain growth reflects the increased
difficulty of facilitating the diffusion process. Above this temperature, the slope increased
slightly with an increase in the compact density. According to the sintering theory, grain
boundary diffusion and lattice diffusion mechanisms simultaneously exist during the sin-
tering of polycrystalline ceramics, and these mechanisms can be operated according to the
temperature owing to their different temperature dependences. The relative contributions
of lattice and grain boundary diffusion are different at different temperatures. As shown
in Figures 6 and 7, the relative density plays a crucial role in non-isothermal sintering
kinetics. By influencing the relative contributions of diffusion mechanisms, such as grain
boundary diffusion and lattice diffusion, at elevated temperatures, it can significantly affect
the overall sintering rate and final microstructure. The increase in the activation energy
for grain growth above a high relative density could be explained by a larger relative
contribution of lattice diffusion as compared to grain boundary diffusion because the grain
boundary diffusion mechanism has a lower activation energy than lattice diffusion does.
The classical grain boundary diffusion mechanism assumes that grain boundaries act as
perfect sources and sinks for diffusing atoms during the diffusion process, thereby having
a low activation energy owing to the provision of a tunnel for diffusion and exhibiting
more activity [38].
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Figure 8. Arrhenius plot of the grain growth.

Table 1. Activation energies for grain growth during sintering process calculated from Figure 6.

Compact Density of Samples Activation Energy (kJ/mol)

650-750 °C 750-1050 °C
55% 50.80 19.87
60% 39.66 21.53
65% 26.11 25.44

4. Conclusions

This study investigated the densification kinetics and grain growth of MoO; ceramic
samples having different compact densities synthesized via pressureless sintering within a
temperature range of 650 to 1050 °C for the same dwell time. The following conclusions
were drawn from this study:
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(1) MoO; remained phase-stable under N; atmosphere at 650-1050 °C. Densification of
binderless MoO, compacts increased with initial density, attributed to enhanced inter-
facial contact and diffusion mechanisms facilitated by higher coordination numbers.

(2) Grain growth increases with compact density as particle rearrangement improves
homogeneity. Higher densities activate capillary forces and surface diffusion, leading
to coarsening and larger grains at elevated sintering temperatures.

(3) Using the Arrhenius theory, it was found that the activation energies for grain growth
increase at low temperatures and decrease at high temperatures with a decrease
in compact density. This is because atomic diffusion is difficult owing to the long
distance between particles at the beginning of sintering. During immediate sintering,
both the lattice and grain boundary diffusion mechanisms are dominant, and this
can be attributed to the difference in the relative contribution of the lattice and grain
boundary diffusion mechanisms to grain growth. From the results, the enhancement
of interconnected particles is required to achieve fuller density.
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