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Hot-press sintering of aluminum nitride nanoceramics
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The increasing interest in nanostructured ceramics and their applications highlights the need to understand the
hot-press sintering of nanoscale AIN powders. We use molecular dynamics simulations to investigate the hot-
press sintering of AIN nanoceramics and to clarify the underlying sintering mechanisms. We consider samples
with 32 nanoparticles with diameters 8, 12, and 16 nm, arranged in a face centered cubic supercell: samples
AIN-8, AIN-12, and AIN-16. Sintering simulations are performed at 7 = 1900 K under 1 GPa for 6 ns. An
additional simulation is performed for a sample with 8 nm sized nanoparticles at a lower pressure of 0.1 GPa,
namely, sample AIN-8-0.1. After 6 ns, densifications of 99%, 96.2%, 95.6%, and 93.2% are achieved for samples
AIN-8, AIN-8-0.1, AIN-12, and AIN-16, respectively. Analysis shows that the fast densification process is rooted
at the high diffusivity of nanoparticles surface atoms. The AIN-8 sample undergoes intense microstructural
evolution during the sintering process from 3 to 6 ns, resulting in a wide distribution of grain sizes from 4 to
15 nm and a larger, 11 nm average grain size. A slower grain growth process is observed in the AIN-8-0.1 sample
from ~4.0 ns. These results indicate a change in the densification mechanism from surface diffusion to grain
boundary migration and relaxation of grain boundaries and triple junctions, resulting in a two-stage sintering
process, i.e., initially the sample experiences a fast densification, which is followed by intense microstructural
evolution. The densification mechanism crossover occurs at 98.7% and 95% densification for the AIN-8 and
AIN-8-0.1 samples, respectively. The results indicate that the onset of the second stage depends on a densification
threshold, which can be delayed by applying higher external pressure. Sintering of the AIN-16 sample indicates
the presence of structural phase transformation at the nanoparticles contact points, which reach over 12 GPa of
local pressure during the 1 GPa compression. These results provide atomistic insights into the hot-press sintering
of nanoscale ceramics, highlighting the intrinsic swift densification and microstructural evolution processes.
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I. INTRODUCTION

Aluminum nitride (AIN) is an important member of ad-
vanced technical ceramics. It displays high strength, excellent
thermal conductivity, high electrical resistivity, low dielectric
constant, and a thermal expansion coefficient compatible with
silicon [1-4]. AIN has a wide range of applications in piezo-
electric transducers, high power devices, heat exchangers, and
optoelectronic and optomechanical devices [5—10]. Due to
its strong covalent bonds and thermal stability, the sintering
process of AIN is commonly performed at high temperature
~1900 K and high pressure [11,12]. In order to facilitate
the sintering process at lower temperatures and low pressure,
different sintering aids can be used, such as yttrium oxide
(Y,03) [13], cerium oxide (CeO,) [14], and calcium oxide
(Ca0) [15]. However, the incorporation of sintering aids may
introduce undesired grain boundary phases and impurities that
affect sought-after properties of AIN such as its high thermal
conductivity [12,16]. An effective way to sinter high purity
AIN ceramics without resorting to sintering aids is by using
nanoscale AIN powders as starting materials [11,17,18]. Be-
cause of the extremely small size and high surface to volume
ratio, the driving force for sintering nanoscale powders is
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much larger than that of microsized powders [19,20]. Thus
AIN nanopowder is expected to display swift sintering den-
sification [21] that was shown by Panchula and Ying [11],
who showed nanocrystalline AIN densification of more than
95% at 1700 °C by pressureless and additive-free sintering for
2 hours. The same densification level would require several
hours of sintering at 1900 °C for micron-sized powders [11].
Besides promoting the sintering process, the use of nanosized
particles in the sintering is reported to enhance the overall
mechanical properties of AIN, including hardness, strength,
and wear resistance [16,22].

Besides the use of nanoscale powders, the sintering of AIN
ceramics can also be enhanced with simultaneous application
of heat and pressure, in what is known as hot-press or hot
isostatic press sintering [21,23]. Compared to pressureless-
sintering, hot-pressing sintering accelerates the densification
process and reduces the sintering temperature [24-26]. The
hot-press sintering process and its densification mechanisms
for various ceramics have been investigated over the past
decades [27-31]. Nguyen et al. [30] studied the densification
mechanisms of ZrB,-SiC ceramics using hot-press sintering
and found a temperature dependence of the densification
mechanisms. At low temperatures, the dominant sintering
mechanisms are plastic deformation and particle rearrange-
ment/fragmentation, while at high temperatures the dominant
sintering mechanism is diffusion. Hot-press sintering of boron
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carbide performed by Du et al. [27] indicates a shift of sinter-
ing mechanisms from plastic deformation to grain-boundary
diffusion during the densification process. Although the den-
sification mechanisms during the hot-press sintering process
of micron-sized ceramic powders have been investigated and
clarified, the mechanisms of nanoscale AIN powders, espe-
cially the nanoparticle behavior under high pressure, are not
well understood.

One of the challenges of sintering nanoscale powders by
hot-press sintering is the tendency of the microstructure to un-
dergo coarsening during the densification [32]. Thus, besides
clarifying the densification mechanisms, it is important to
investigate the microstructural evolution and the grain growth
process during the sintering. According to Fang et al. [33], the
grain growth during the sintering of nanoparticles can be di-
vided into two steps: grain coarsening and rapid grain growth.
Grain coarsening refers to the initial slow grain growth during
the early stages of sintering, while the rapid grain growth
occurs when the densification reaches a critical value where
grain boundaries become mobile. Many studies have reported
the presence of rapid grain growth during the sintering pro-
cesses of nanoparticles [34-38]. For hot-press sintering of
micron-sized powders, the grain growth mechanisms and the
effects of pressure and temperature on the grain growth are
reasonably understood [34,35,39]. Nonetheless, the grain size
evolution dynamics during the hot-press sintering of nanoce-
ramics and the critical densification value that triggers the
rapid grain growth are not clear.

Molecular dynamics (MD) simulations are well suited
for investigating the hot-press sintering mechanisms and the
microstructural evolution of nanoscale powders [40]. The
sintering process of many different nanoparticles have been
successfully investigated by MD in the past, including sin-
tering of silicon [41], nickel [42], silicon carbide [43,44],
and titanium dioxide [45-47]. However, most of these studies
were focused on the modelling of few, typically two or three,
nanoparticles. Therefore, while meaningful insights were ob-
tained from these previous simulations, they do not offer a
full description of the hot-press sintering mechanisms and
related microstructural evolution of a strong technical ceramic
material such as AIN.

In this work, we investigate the densification process and
microstructural evolution during the hot-press sintering pro-
cess of nanoscale AIN powders by performing large scale MD
simulations. The effects of nanoparticle size and external pres-
sure are explored by employing three nanoparticle sizes, 8,
12, and 16 nm, and two hydrostatic pressures, 0.1 and 1 GPa.
Results show that higher external pressure accelerates the den-
sification and grain growth processes, and smaller particle size
improves the sinterability of AIN ceramics. Densification as
high as 99% as well as swift grain growth are achieved within
6 ns for the smallest nanoparticle considered (8 nm) under
the high pressure of 1 GPa. These results provide atomistic
insights into the hot-press sintering of nanoceramics.

II. METHODS AND SIMULATION PROCEDURES

We consider three samples with  dimensions
about 22.5%22.5%22.5, 33.4x33.4%x33.4, and
44.7x44.7x44.7 nm?, containing 815040, 2749248, and
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FIG. 1. Tllustration of the hot-press sintering of AIN simulated
by molecular dynamics. (a) Illustration of the simulation model
composed of 32 nanoparticles of 8§ nm diameter, arranged in a face
centered cubic supercell. Different colors indicate different nanopar-
ticles. (b) Densification during the sintering process for different
pressures and particle sizes.

6517568 atoms, respectively. Each sample consists of 32
AIN nanoparticles arranged in a face centered cubic (FCC)
supercell, as shown in Fig. 1(a). Each spherically shaped
nanoparticle is a defect free wurtzite single crystal with a
random orientation. The diameters of the nanoparticles in the
three samples are 8, 12, and 16 nm, respectively. All three
samples are sintered at 1900 K under a hydrostatic pressure
of 1 GPa for 6 ns. We will refer to them as samples AIN-8,
AIN-12, and AIN-16. As a comparison, another sample with
8 nm sized nanoparticles is sintered at a lower hydrostatic
pressure of 0.1 GPa, which will be referred to as sample
AIN-8-0.1. The hot-press sintering MD simulations are
implemented using the following schedule:

(1) set the external pressure to 0.1 or 1.0 GPa and relax for
15 ps at 300 K;

(2) increase the temperature to 900 K and thermalize for
15 ps;

(3) increase the temperature to 1,400 K and thermalize for
15 ps;

(4) increase the temperature to 1,900 K and sinter for 6 ns.
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All the steps are performed in the NPT ensemble with
periodic boundary conditions along all three directions. A
time step of 1.5 fs is used in the integration of the equations
of motion following previous investigations of AIN [48]. The
forces between Al and N atoms are derived from two-body
and three-body interactions, which can be expressed as

V=>VP0in+ > VR ), M

i<j i,j<k

where the two-body term Vl.;z)(ri ;) consists of van der Waals
interactions, Coulomb interactions, steric-size effects, and
charge-induced dipole:

W;; ZZ: H;; D;; _i
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In Eq. (2), r;; is the distance between the ith atom and
the jth atom, W;; and D;; are the strength of the van der
Waals attraction, Z; is the effective charge in units of elec-
tric charge e, A and & are the screening lengths for the
Coulomb and charge-dipole interactions, and H;; and 7;; are
the strength and exponent of the steric repulsion. The three-
body term Vj(ii)(r,- j» Tik), representing covalent interactions,
can be written as a product of spatial and angular depen-
dent factors that reflect bond-bending and bond-stretching
characteristics:

Vj(ii)(rija ra) = RO (rij, ry)PD O). 3)

The expressions for the spatial dependent factor
R®(r;j, ry) and the angular dependent factor P (6i)
are given by Egs. (4) and (5):
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where Bj;; represents the strength of the three-body interac-
tion, ®©(ry — ri;) is the step function, 6;; is the angle formed
by 7;; and 7y, 0 ik and Cj, are constants. Values for all the
parameters are provided in Vashishta et al. [49]. Parameters
are fitted and validated by experimental results on lattice con-
stants, elastic moduli, cohesive energy, melting temperature,
and the pressure-induced wurtzite-to-rocksalt structural phase
transformation [49]. A comparison between three interatomic
potentials for AIN shows that Vashishta many-body potential
can provide accurate predictions and is suitable for many
applications [50]. This interatomic potential for AIN has been
successfully applied in several previous studies of plane shock
loading, nanoindentation, projectile impact, and the mechan-
ical behavior of the AIN amorphous phase [48,51-55]. The
same potential form has also been successfully applied in the
investigations of other similar ceramics, such as SiC [56-61]
and Al,O3 [62,63].

II1. RESULTS

As a first step in the investigation of the hot-press sintering
of AIN nanopowders, we focus on the densification profiles as
a function of time and the influences of initial particle size
and pressure. From the hot-press sintering, at 1,900 K and
1 GPa pressure, of the AIN-8, AIN-12, and AIN-16 samples,
we calculate the evolution of the reduced density (o/po),
which is shown in Fig. 1(b). One additional curve shows the
result for the sample AIN-8-0.1, which is sintered at 0.1 GPa
pressure. The densifications of all four samples follow a two-
step regime, with a sharp increase in the first few picoseconds
followed by a much lower densification rate. The initial re-
duced density is set mathematically by the atomic packing
factor of the FCC arrangement of the AIN nanoparticles, 74%.
This reduced density increases swiftly in all cases to beyond
86% at 0.5 ns of sintering. The results show a strong effect
of the particle size on the observed densification rate, with
larger nanoparticles displaying noticeable lower densification
rates. Moreover, a comparison of the densification profiles of
samples AIN-8 and AIN-8-0.1 indicates that the application of
high pressure is an effective way to enhance the densification
rate and promote consolidation of AIN nanopowders. One
can note that there is a clear densification rate decline for
all systems as a function of sintering time, in particular for
the AIN-8. At ~3.0 ns, the densification curve of the AIN-8
sample nearly halts, increasing from 98.7% to 99% in the
next 3 ns of sintering. Nevertheless, the AIN-8 experiences
significant microstructural evolution during the last 3 ns of
sintering as will be discussed. After hot-press sintering for
6 ns, the highest densification at 99% is achieved by the
AIN-8 sample followed by AIN-8-0.1, AIN-12, and AIN-16
at densifications of 96.2%, 95.6%, and 93.2%, respectively.

After 6 ns of hot-press sintering, the different samples
simulated present contrasting porosities and microstructures.
Illustrations of the microstructures and their remaining pore
structures are presented in Fig. 2. In Figs. 2(a)-2(d), the grains
in each sample are shown by different colors. Grains are
identified by using a combination of different methods such
as polyhedral template matching, graph clustering, and others,
as implemented in OVITO [64—66]. As shown in Fig. 2(a),
the shape and size of each grain in sample AIN-8 change
significantly compared with the initial spherical shape of the
nanoparticles, as shown in Fig. 1(a). Some of the grains in the
final AIN-8 sample become particularly large at the expense
of others that shrink and eventually disappear, suggesting the
occurrence of a swift grain growth process. In contrast, such
grain growth process is not apparent in samples AIN-8-0.1,
AIN-12, and AIN-16 after sintering for 6 ns. Thus we can
infer that the combination of small particle size and high
pressure can lead to a swift grain growth process during the
hot-press sintering of AIN nanopowders. Furthermore, the
sample AIN-8-0.1 forms much larger relative necking areas
between nanoparticles than samples AIN-12 and AIN-16, i.e.,
a larger area of contact between two grains scaled by the
particle size. That further indicates that the sintering process
of small nanoparticles is faster than large nanoparticles. In
order to analyze the residual porosity in each sample after
the sintering process, we use a surface reconstruction method
that is set to identify pores that can minimally fit a spherical
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(a) Sample AIN-8 (b) Sample AIN-8-0.1 (c)

Sample AIN-12 (d) Sample AIN-16

FIG. 2. Illustration of the of AIN supercells and their corresponding pores after hot-press sintering for 6 ns. [(a) and (e)] p = 1.0 GPa,
d =8 nm. [(b) and (f)] p = 0.1 GPa, d = 8 nm. [(c)and (g)] p = 1.0 GPa, d = 12 nm. [(d) and (h)] p = 1.0 GPa, d = 16 nm. Different

colors indicate different grains.

volume with radius of ~2.8 A [64,67]. The contrasting results
are illustrated in Figs. 2(e)-2(h). As a result of neck growth
and microstructural evolution, pores are nearly eliminated in
the sample AIN-8. Nonetheless, the other three samples still
display pores at most, or all the initial cavities defined by the
FCC supercell interstitial locations. The results show a direct
inverse relationship between densification and the volume of
the residual pores (see Ref. [68] at Fig. S1 for porosity evo-
lution during the sintering process). As a consequence, after
the AIN-8 sample, the sample AIN-8-0.1 displays the smallest
pore sizes. Several pores in the sample AIN-8-0.1 have in fact
disappeared during the 6 ns hot-press sintering, while all pores
are still present in samples AIN-12 and AIN-16, albeit with
diminished volumes.

To further understand the fast densification process of AIN
nanopowders during the hot-press sintering, we calculate the
mean square displacement (MSD) of Al and N atoms in sam-
ples AIN-8 and AIN-8-0.1. In the calculation of the MSD, we
divide each nanoparticle in the initial system into three regions
in order to quantify the MSD of atoms close to surface (first
shell), close to the core (Core), and in between (second shell).
The thickness of the shells is defined to be 1 nm while the
core region has a radius of 2 nm, as shown in Fig. 3(a). During
the hot-press sintering the MSD for the atoms in these initial
regions is calculated and monitored separately. The MSD for
Al and N atoms in the different regions are shown in Figs. 3(b)
and 3(d). The results clearly show that the MSD in the first
shell is about an order of magnitude larger than the MSD in
the core region during the sintering. While the MSD for the
second shell is noticeably larger than that of the core region, it
is several times smaller than that of the first shell, during the
whole sintering process. The diffusion coefficient, D, can be
directly calculated from the slope of the MSD curves at very
long simulation times by D = lim,_,,cMSD(¢)/6¢. The D for
Al and N atoms in different regions are shown in Figs. 3(c)
and 3(e), respectively. As shown in Figs. 3(c) and 3(e), surface
atoms have a much larger diffusion coefficient than atoms in

inner regions during the densification process. These results
suggest that the densification process of AIN nanopowders
is dominated by the fast surface diffusion. In addition, by
comparing Figs. 3(b) and 3(c) with 3(d) and 3(e), one can
notice that the MSD as well as the diffusion coefficient of Al
atoms are about an order of magnitude larger than those of
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FIG. 3. Mean square displacement (MSD) and diffusion coeffi-
cient of aluminum and nitrogen atoms during the sintering of the
8 nm nanoparticle system under different pressures. (a) Cross-section
view of the three nanoparticle regions used in the calculations. (b)
MSD and (c) diffusion coefficient of Al atoms initially in the differ-
ent regions shown in (a) for different pressures, and corresponding
(d) MSD and (e) diffusion coefficient for N atoms.
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N atoms in the same region, indicating that cations drive the
surface diffusion process.

It is instructive to analyze the changes in diffusion co-
efficient curves during the sintering process. The diffusion
coefficient for atoms in all three regions drops rapidly in the
first 0.3 ns as MSD increases fast due to the sudden change
of temperature. After the ballistic region, as densification
processes, the diffusion coefficient in the first shell steadily
decreases while that in the inner regions slightly increases.
However, one can note that the diffusion coefficient in the sec-
ond shell and core region in the AIN-8 sample increases faster
after ~3.0 and ~4.0 ns, while that of the first shell decreases
faster, see Figs. 3(c) and 3(e). This distinct increasing and
decreasing of the diffusion coefficient at different times can be
explained by the microstructural evolution, including surface
area reduction and grain boundary migration experienced by
the AIN-8 sample. At about 3.0 ns, the densification of the
sample AIN-8 reaches more than 98%, and most of the pores
are eliminated. A fraction of the atoms initially located at
the first shell cannot diffuse freely anymore since they have
become “bulk” atoms and adopt an associated lower diffusion
rate. As a result, the diffusion coefficient of the first shell
atoms drops. A fraction of the atoms initially located in the
second shell and core region eventually diffuses when they
interact or become part of grain boundary regions due to
grain boundary migration. As a result, their diffusion coef-
ficients increase when microstructural evolution is triggered.
Although the diffusion coefficient for atoms initially in in-
ner regions increases, the average diffusion coefficient of all
three layers still decreases, because the first shell contains
the largest fraction of the atoms in the system at ~60% in
comparison with the second shell (~30%) and core region
(~10%). This phenomenon elucidates the low densification
rate after ~3.0 ns for the sample AIN-8. After sintering for
6 ns, the diffusion coefficients in three regions in the sample
AIN-8 have almost the same value, indicating that the initial
division of atoms does not exist anymore due to the significant
microstructural evolution. Besides, as shown in Figs. 3(b) and
3(d), the MSD curves of different regions in samples AIN-8
and AIN-8-0.1 are overlapped before significant microstruc-
tural evolution occurs in sample AIN-8. That implies that
pressure does not affect the diffusion of Al and N atoms during
the early sintering stage.

The changes in the MSD curves of the sample AIN-8 can
be further understood by considering the bond angle distribu-
tion analysis for the first shell and core regions. Bond angles
formed by the atomic triplets: Al-N-Al, Al-N-N, N-AI-N, and
AI-Al-N in the first shell and core regions are evaluated before
(0 ns) and after (6 ns) sintering and their distributions are
shown in Fig. 4. Before sintering, the core region displays
(i) well-defined Al-N-Al and N-Al-N bond angle distributions
peaked at ~109.5° and (ii) no wrong bonds, i.e., no Al-N-N
or Al-Al-N triplets, showing that the core region is defect
free in the beginning. Nonetheless for the first shell, besides
the well-defined Al-N-Al and N-Al-N peaks, three additional
small amplitude peaks appear: Al-N-Al at ~80°, Al-Al-N at
~50° and 120°. As shown in Fig. 5, these discrepancies are
related to defects and wrong bonds located in the first shell
at both surface and grain boundaries before sintering, while
no defects are found in the second shell and core regions.

(a) 1tshell\ 0 ns|(b) 1stshell . 6 ns
Al-N-AI M
N-AI-N S - N-AI-N S N—

Al-Al-N Al-Al-N
Al-N-N AI-N-N

(c) Core /\ 0 ns| (d) Core 6 ns
AL-N-Al Al-N-Al L

N-Al-N /\ N-Al-N

Arbitrary units Arbitrary units

Al-Al-N Al-Al-N

AI-IN-Nl I Al-N-N

0 40 80 1201600 40 80 120160
Angle Angle

FIG. 4. Bond angle distributions of different layers in the § nm
nanoparticle system under 1 GPa before and after sintering. (a) First
shell before sintering, (b) first shell after sintering, (c) core region
before sintering, and (d) core region after sintering.

After sintering for 6 ns, the Al-N-Al and N-Al-N bond angles
in both the first shell and core regions still display peaks
at ~109.5°, yet with rather wider distributions, as shown in
Fig. 4(b) and 4(d). The intensity of the additional peaks for
the first shell decrease, indicating a reduction in the number
of wrong bonds and relaxation of the interfacial structure. In
contrast, one additional small bond angle peak is generated
in the core region at ~50°, indicating that defects have been
generated in the original core regions during the sintering.
That is related to grain boundary migration into inner regions
of the original nanoparticles, as indicated previously. This
grain boundary migration is accompanied by a swift grain
growth process as will be discussed.

In order to characterize the grain growth process in the
sample AIN-8, we evaluated the grain size distribution at six
different time points during the hot-press sintering. As a com-
parison, the same analysis is also performed on the sample
AIN-8-0.1. Here we use the same grain identification method

T Y A-N bond @ N atom
; N === Al-Al bond @ Al atom

o

S o el SN
e ; % e 2SS
4 i2 2 > A%
2 A A e & a e W AS

FIG. 5. Cross-section view of the AIN-8 sample before sintering,
showing Al-Al and Al-N bonds by yellow and red sticks, respec-
tively. Regions 1 and 2 in (a) highlight the bonding structure at the
nanoparticle surface and contacting region, respectively. (b) and (c)
shows a zoomed view of regions 1 and 2 indicated in (a).
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FIG. 6. Evolutions of the grain size distribution for the 8§ nm nanoparticle systems during sintering at 1.0 and 0.1 GPa. Blue and red solid
lines indicate the total number of grains at 1.0 and 0.1 GPa, respectively. (a) r = 0.0, (b) 1.5, (c) 3.0, (d) 4.5, (e) 5.3, and (f) 6.0 ns.

as discussed previously. After a grain is identified its size is
calculated by converting the number of atoms to the diameter
of a spherical shape, based on the atomic volume of AIN at
the sintering temperature, 1900 K. The results are shown in
Fig. 6. In the first 3 ns of sintering, the size distribution peaks
at 8-9 nm. The results indicate that the distributions gradually
become wider for both AIN-8 and AIN-8-0.1 samples with
sintering time. However, in the last 3 ns of sintering, the
grain size distribution of the sample AIN-8 spreads rapidly,
resulting in a wide distribution from 4 to 15 nm with no
well-defined peak, suggesting the occurrence of a swift mi-
crostructural evolution. During the same time period, the total
number of grains in the sample AIN-8 drops from 32 to 19,
as small grains shrink and are eliminated, consistent with a
grain growth process. In contrast, the evolution of the grain
size distribution in the sample AIN-8-0.1 occurs at a much
slower pace. The grain size distribution still peaks at 8-9 nm
and maintains a lognormal shape from 3 to 6 ns. At 6 ns, the
microstructure has lost only one grain and the distribution of
grain size lies in the range of 5 to 11 nm. More details about
the grain size evolutions for sample AIN-8 and AIN-8-0.1 are
provided in Figs. 7(a) and 7(b).

In order to gain further insights into the microstructural
evolution and changes in grain size distributions, we evaluate
size changes for each of the original 32 grains of the system
during sintering. To monitor the size evolution, we must iden-
tify and track the grains during the sintering process. The grain
tracking algorithm used here considers the center of mass of
each grain in all configurations taken at every 7.5 ps. Each
grain receives a unique grain id that is produced by identifying
the corresponding grain in each subsequent configuration in
time by finding the grain with the closest center of mass. New
grain generation is not considered in this algorithm, since new
grains have subcritical sizes and are unstable, disappearing
after a short time. The results are shown in Figs. 7(a) and 7(b),
together with the average and weighted average grain sizes,
the latter calculated using the number of atoms of each grain
as weight. For the grain size evolutions in the AIN-8 sample,

shown in Fig. 7(a), we can see a steady grain growth/shrink
rate in the first 3 ns. The rate then intensifies as grain boundary
migration is triggered and small grains are eliminated from
3 to 6 ns. The weighted average grain size correspondingly
displays a sharp increase after 3 ns and reaches a value exceed-
ing 11 nm at the end of the sintering simulation, indicating
a significant microstructural coarsening from 3 to 6 ns. In
contrast, except for one grain that shrinks and is eliminated
swiftly after 3 ns, the other grains in the AIN-8-0.1 sample
keep a nearly constant grain growth/shrink rate resulting in
a slightly larger weighted average grain size (~8.6 nm) at
the end of the sintering simulation. That indicates that the
microstructural evolution in the AIN-8-0.1 sample is rather
sluggish compared to that experienced by the AIN-8 sample.
These results reveal a two-stage microstructural evolution
process during the hot-press sintering of AIN nanopowders.
The first stage, i.e., first 3 ns of sintering for the AIN-8 sam-
ple, is marked by a widening of the grain size distribution,
occurring simultaneously with the swift densification process,
driven by fast surface diffusion. The second stage, i.e., the
last 3 ns of sintering for the AIN-8 sample, is marked by
a swift coarsening of the microstructure, when large grains
grow swiftly at the expense of small grains, sharply increasing
the average grain size. In this last stage samples reach nearly
full densification as a result of grain boundary migration and
relaxation of interfaces and triple junctions. The results show
that the crossover between the two stages of the microstruc-
tural evolution can be identified by a critical densification
value. To better identify the critical densification value, we
plot the weighted average grain size as a function of reduced
density for both sample AIN-8 and AIN-8-0.1 in Fig. 7(c). As
shown in Fig. 7(c), the grain size keeps a constant value at low
densification and then starts increasing swiftly after reaching a
certain reduced density. For the AIN-8-0.1 sample, the results
indicate that this threshold densification value is ~95%, while
this value reaches ~98.7% for the AIN-8 sample, suggesting
that this critical densification value depends directly on the
sintering pressure. Therefore, we can infer that the use of
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FIG. 7. Grain size evolutions for the 8§ nm nanoparticle systems
sintered under (a) 1.0 and (b) 0.1 GPa. Each colored line repre-
sents one of the initial 32 grains, the black thick line represents the
weighted average grain size, and the red thick line represents the
average grain size in (a) and (b). The relationship between reduced
density and weighted average grain size is shown in (c).

small particle sizes and high pressure is able to accelerate
the sintering process as well as delay the onset of rapid grain
growth, which makes it possible to produce a fully densified
sample without significantly coarsening the microstructure of
nanocrystalline ceramics.

IV. DISCUSSIONS

The results obtained in this work provide direct insights on
the elusive effect of particle size on the sintering process of ce-
ramics, in particular nanoceramics. Animation movies based
on the MD simulations are provided in Ref. [68] to illustrate
the sintering process (see Ref. [68], movies 1-5 for the anima-
tion movies). The results shown in Fig. 1(b) and Fig. 2 indicate

that the use of small nanoparticles as starting materials leads
to a swift sintering densification process, that is able to pro-
duce almost fully densified samples without any sintering aids
within 6 ns. Several experimental studies have reported the
effects of the initial particle size on the densification pro-
cess of AIN and other ceramics, i.e., the densification rate
is enhanced as particle sizes are reduced [11,13,18,69-71].
Based on the nonlinear diffusion law proposed by Pan [19],
the sintering rate is several orders of magnitude higher than
that predicted by the Coble sintering model [72], when parti-
cle sizes are reduced to less than 60 nm. Our results provide
further support to experimental reports on microcrystalline
AIN and other ceramics and to the work of Pan [19], by
demonstrating the enhancement of the densification process
with the reduction of particle sizes in the nanoscale. As shown
in Fig. 1, all samples display extremely fast sintering rates,
among which the sample with the smallest particle size has
the highest densification rate.

To further understand the relationship between the densifi-
cation rate and the sintering conditions, we propose a sintering
model based on the reduced density dependence on pressure,
grain size, diffusion coefficient, and sintering time. The model
is inspired by the late-stage sintering model proposed by Sakai
and Iwata [73] as shown in Eq. (6), which was derived from
the Nabarro and Herring diffusional creep model [74,75]:

1 — py = 40D
=S %ra

(p2 —pot —In(1 — po),  (6)

where p and pg are the current and initial densities, D is the
diffusion coefficient, 2 is the atomic volume, k is the Boltz-
mann constant, 7' is the sintering temperature, d is the average
grain size, p, — p; is the difference between external pressure
and the gas pressure in the pores, and 7 is the sintering time. By
replacing all the parameters in Eq. (6) with the corresponding
values in our results, we find that the densification process
of nanoparticles shows a much higher densification rate than
Sakai and Iwata’s late-stage model [73]. In order to better de-
scribe and predict the densification process driven by the fast
surface diffusion of nanoparticles, we relax the power of each
parameter in Eq. (6) and divide the swift densification process
into an early and a late stage. The early stage is defined as
the initial densification process when the reduced density is
less than 94% for samples sintered under 1 GPa and less than
92% for the sample sintered under 0.1 GPa. The late-stage
densification proceeds when the reduced density is higher than
these reduced density threshold values. The early stage and
late-stage densification models for AIN nanoparticles sintered
at 1900 K are shown in Egs. (7) and (8), respectively.

D 0.25

—In(1 = p) = 0.0431”7#)-5 —In(=p), (7
DpO.S

—In(1 = p) = 0.021 =2~ —In(1 = ), ®)

where p and pg are the current and initial reduced densities,
p1 is the threshold reduced density value, either 0.94 or 0.92,
D is the average diffusion coefficient during the whole sin-
tering process (AIN-8 and AIN-8-0.1: 11.0 A?/ns; AIN-12:
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FIG. 8. Densification during the sintering process for different
pressures and particle sizes. Models for early stage densification are
shown by dashed lines while models for late-stage densification are
shown by continuous lines.

6.5 A%/ns; AIN-16: 5.2 A2/ns), p is the hydrostatic pres-
sure (GPa), d is the grain size (nm), and ¢ is the sintering
time (ps). Equation (7) indicates a linear relationship between
—In(1—p) and ¢° in the early stage, while Eq. (8) shows a
linear relationship between —In(1—p) and ¢ in the late stage.
This linear relationship in the late-stage model corresponds
to the sintering model in Eq. (6). Nonetheless, our model
displays different dependencies of pressure and grain size on
the densification, i.e., the densification of AIN nanoparticles
has higher dependence of grain size yet lower dependence of
pressure. The densification rates in both early and late stages
are proportional to the pressure and inversely proportional to
the grain size, suggesting that high pressure and small grain
size accelerate the densification process. That is particularly
the case for the late-stage densification, which shows higher
powers of pressure and grain size than the early stage model.
Both early and late-stage models are plotted in Fig. 8, which
displays excellent fittings for all samples. The crossover be-
tween early and late-stage densifications is clearly indicated
by the crossing of the fitting curves. One should note that
there is a discrepancy between the densification data and the
late-stage model for the AIN-8 sample, starting at ~3 ns. The
densification process nearly halts when the AIN-8 sample
reaches ~98.7% densification because of the significant mi-
crostructural evolution that occurs from ~3 ns to 6 ns. One
startling prediction of this analysis is that the AIN-16 sample
is still in the early stage densification process at 6 ns. That
suggests that samples with small grain size are more likely to
experience swift grain growth due to the large densification
rate. These two models provide an excellent description of the
densification process and can be used to predict the hot-press
sintering process of AIN nanoceramics. More data would be
required to include the sintering temperature as a variable into
the models.

Even though the reduction of grain sizes enhances the
densification rate in the sintering of ceramics, it has been
reported that it may also adversely affect the sintering process
aided by additives [76,77]. For example, Li et al. [76] inves-
tigated the effect of particle size on the sintering process of
silicon carbide, using magnesium alloy powders as additives.

They reported that the sintered sample with smaller particles
(90 nm) displayed extremely low densification (48.45%) due
to the large size difference between silicon carbide and ad-
ditive particles (86 pum). The small silicon carbide particles
tended to agglomerate preventing an effective interaction with
the large additive particles. Zou et al. [77] also reported that
the densification of BaTiO3 ceramics were lower if the particle
size of BaTiO3 was not distinctly larger than that of glass
sintering aids. That suggests that to enhance the densification
when sintering aids are used, one must carefully consider the
particle sizes of sintering materials and additives.

Our results show that high external pressure significantly
enhances the densification process of AIN, in agreement with
several experimental investigations of the sintering process of
different ceramics [25,26,78—-83]. For example, Barick et al.
[78] investigated the effect of pressure on the densification
of silicon carbide during spark plasma sintering. Their results
showed that the relative density of the sintered sample could
be increased from 77% to 95.5% with an increase in pressure
from 22 to 75 MPa at the same sintering temperature. In this
work, as shown in Fig. 1(b), the densification of the AIN sam-
ple with 8 nm sized particles increases from 96.2% to 99%,
when hydrostatic pressure is increased from 0.1 to 1.0 GPa.
According to the MSD results shown in Figs. 3(b) and 3(c),
there are no clear differences between the MSD evolutions of
the AIN-8 and AIN-8-0.1 samples in the first 3 ns of sintering,
indicating that high external pressure does not affect the Al
and N diffusivities. This result contrasts with a theoretical
sintering model proposed by Liao et al. [26], in which high
pressure was expected to limit the diffusion of atoms, arguably
due to the reduction in the vacancy volume with application
of high pressure. One reason for the contrast in theoretical
and simulation predictions is that there are no vacancies in
the initial nanoparticles in the simulations here. All vacancies
are introduced during the sintering process when the nanopar-
ticles (grains) absorb vacancies from the pore regions. An
accurate method to localize point defects such as interstitials
and vacancies is the Wigner-Seitz cell method [84], which re-
quires a defect-free crystal structure as a reference. However,
it is challenging to utilize such method in our simulations
because of the strong dynamic evolution of the samples and
the high temperature. Although it is nontrivial to visualize the
vacancies directly, we can show the presence of interstitials
by analyzing the abnormal bonds formed, which indirectly
indicate the existence of vacancies. Here, we select the sample
AIN-16 at 6 ns as a general case for samples experiencing
the early stage densification. A slab with a thickness of 2 nm
is used for analysis and the results are shown in Fig. 9. As
shown in Fig. 9(a), a large necking area has formed between
particles, where some small rocksalt grains form, as will be
discussed later. The abnormal Al-Al bonds in the selected
slab are shown in Fig. 9(b). In addition to the defects and
wrong bonds located on the surface and in grain boundaries,
as shown in Fig. 5, the results indicate the presence of Al-Al
wrong bonds inside the grains. Such wrong bonds are formed
between an interstitial Al atom with other Al atoms of the
wurtzite structure, suggesting that interstitials and vacancies
are generated and further propagate into the inner regions
during the early sintering stage while the pore volume de-
creases. The early stage MSD for different regions shown in
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FIG. 9. Cross-section view of the AIN-16 sample after sintering
for 6 ns. (a) Cross-section view of the crystalline structure with
atoms colored by the phases they form. (b) Spatial distribution of
Al-Al bonds for the cross-section shown in (a). The blue dashed
circles in (b) highlight the location of Al-Al wrong bonds inside the
grains. Such in-grain wrong bonds are indicative of the presence of
interstitial-vacancy pairs.

Figs. 3(b) and 3(d) are dominated by surface atomic diffusion.
Therefore the diffusivity is not affected by pressure in the
first 3 ns of sintering. The fast densification rate under high
pressure in the early sintering stage is mainly due to the fast
pore volume shrink rate driven by the fast surface diffusion.
After 3 ns, when densification reach high levels, as pores are
nearly eliminated, the diffusivity of the first shell atoms in
AIN-8 and AIN-8-0.1 samples start to diverge as the number
of surface atoms in the AIN-8 sample is severely reduced with
the shrinkage of the pores. In the second stage, from 3 ns to
6 ns of sintering, MSD is enhanced in the second shell and
core regions as grain boundaries migrate into these regions.
In the case of the AIN-8 sample, grain boundary migration
also enhances the MSD in those regions. These results provide
further insights into the effects of pressure on the densification
of nanoparticles during the sintering process.

After having discussed the effects of small particle size and
high pressure on the sintering rate of nanoceramics, it is in-
structive to revisit the hot-press sintering mechanisms of AIN
nanoparticles on the light of reports on sintering mechanisms
for both microscale and nanoscale particles [27,28,83,85-88].
As mentioned previously, Du er al. [27] found that the
dominant densification mechanism during the early stage of
hot-press sintering of microscale ceramic particles is plas-
tic deformation. That view is also shared by recent work
of Xu et al. [83]. In contrast, our simulations indicate that
plastic deformation is not the dominant sintering mecha-
nism for nanoparticulate ceramics. For ceramic nanoparticles,
several simulations of sintering with two and three nanopar-
ticles have indicated as possible densification mechanisms
surface diffusion, particle rotation and rearrangement, and
grain boundary migration [42,45,85-89]. However, particle
rotation and rearrangement are not observed in our results,
because in our simulations the sintering process starts from
the FCC arrangement of nanoparticles, which is the most
compact packing. According to the results presented for AIN
nanoparticles, strong surface diffusion is in fact observed for
the AIN-8 and AIN-8-0.1 samples in the first 3 ns of sin-
tering. The strong surface diffusion is mainly controlled by

the cation diffusion because Al has a much higher diffusivity
than N as shown in Fig. 3. Similar behavior of Al cations
was reported in the hot-press sintering of alumina [90]. As
shown in Figs. 1(b) and 3, the fast surface diffusion of small
nanoparticles significantly enhances the sintering densifica-
tion, in agreement with previous simulation results. On the
other hand, when the densification of the AIN-8 sample ex-
ceeds ~98.7%, the diffusivity of the original surface atoms
decreases. The densification process is then dominated by
grain boundary migration and relaxation of the structure at
grain boundaries and triple junctions. That is suggested by
the increased diffusivity of second shell and core atoms. The
presence of wrong bonds in the original core regions at 6 ns
implied by the bond angle curves shown in Fig. 4(d) also
indicates the occurrence of grain boundary migration. Our
simulations for tens of nanoparticles provide a full description
of the shift of the dominant densification mechanism during
the hot-press sintering process of AIN nanoparticles from
surface diffusion to grain boundary migration.

In the synthesis of dense nanocrystalline ceramics, it is
very important to preserve the nanocrystalline characteristics.
Therefore it is essential to prevent or minimize grain growth
during the sintering of ceramic nanoparticles. To have a better
understanding of the microstructure evolution, we evaluate the
grain size evolution of all the initial nanoparticles in the AIN-8
and AIN-8-0.1 samples, as shown in Figs. 7(a) and 7(b). The
results display a clear onset of the swift grain growth at ~3 ns
in the AIN-8 sample, yet the grain growth rate displayed by
the AIN-8-0.1 sample is much lower, suggesting that ceramic
nanoparticles sintered under higher pressures may have a
larger average grain size than corresponding samples sintered
at lower pressures. A similar pressure effect on grain growth
during hot-press sintering was also reported in other studies
[34,39].

However, studies have found that high pressure can inhibit
the grain growth during the sintering process of titania if such
high pressure can introduce phase transformation [26,91-93].
Arguably, the rationale is that nucleation of a new phase can
potentially constrain grain boundary migration and prevent
grain growth. For AIN, both simulation [49,94] and experi-
mental results [95] indicate that a wurtzite-to-rocksalt phase
transition occurs at a high pressure of ~20 GPa. This value
is reduced to ~12 GPa at 1900 K [94]. According to the
force balance argument, the pressure is usually intensified by
a stress intensification factor ¢ in the grain boundary regions,
due to the porosity [96]. Several derived ¢ expressions for
different cases have indicated that it is sensitive to the density
of the system, generally decreasing for increasing density
[72,97-99]. For the case of a monosize spherical powder, the
expression in Eq. (9) was proposed by Arzt et al. [96-98]:

1 —po

Tyt ©
where p and py are the current and initial densities, respec-
tively. Thus it is possible to induce phase transition during the
hot-press sintering process of AIN nanoparticles by applying
a hydrostatic pressure lower than the critical value in order
to suppress the grain growth. In fact, in this work, analysis
indicates that 1 GPa pressure is sufficient to induce a wurtzite-
to-rocksalt phase transformation at the grain boundary regions
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FIG. 10. Structural phase transition for the 16 nm sized nanopar-
ticle system sintered under 1.0 GPa. (a) Local pressure distribution
before sintering. (b) Crystalline structure after sintering for 6 ns. (c)
Evolution of the volume fraction of rocksalt and wurtzite structures
in the sintering system.

between nanoparticles in the AIN-16 sample. To evaluate
the local stress distribution in the sample we calculate the
Virial stress on each atom and average its value in a spherical
voxel with radius of 7.35 A [100]. As shown in Fig. 10(a),
the local stress at grain boundaries at 0 ns exceeds 12 GPa,
while the local stress in most of other regions is close to
0 GPa. The initial stress concentration leads to the formation
of rocksalt AIN in the necking area as indicated in Fig. 10(b).
We evaluate the evolution of the structural transformation by
monitoring the volume fraction of AIN in the wurtzite and
rocksalt structures. The results shown in Fig. 10(c) indicate
that the structural transformation occurs swiftly in the first
0.5 ns of the sintering process and produce about 3% rocksalt
in the sample, which is kept during the remaining sintering
process. Since the swift grain growth does not occur in the
AIN-16 sample, the suppression effect of the phase transi-
tion on the grain growth process cannot be evaluated here.
For the other samples with smaller particle sizes, we do not
observe this phase transformation even though they all have
the same reduced density in the beginning. This is due to a
much higher densification rate of samples AIN-12 and AIN-8

than sample AIN-16. For the case of small particles, the
stress intensified at the grain boundary regions is released in
a very short time (<0.5 ns), thus there is not enough time
for the rocksalt nucleation process to occur in these samples.
In contrast, in the sample AIN-16, the intensified stress at
the grain boundary regions persists for a long time, trigger-
ing a local structural phase transformation for the rocksalt
structure.

By tracking each grain in the AIN-8 sample, we observe
a two-stage microstructural evolution during the hot-press
sintering of AIN nanopowders, i.e., an initial grain size distri-
bution broadening followed by a swift grain growth. Because
the mobility of grain boundaries largely determines the grain
growth rate, the swift grain growth occurs when grain bound-
aries are no more immobilized by the presence of pores as
the number and the size of the pores decrease during the
densification [32,33]. Thus, the key factor that defines the
crossover between the two stages is the critical densifica-
tion value. Fang et al. [32] reported that a general critical
densification value for the sintering of nano-sized particles
was ~90%. A similar value was also found in the sintering
of ~60 nm Al,O3; nanoceramics [101] and ~30 nm tungsten
nanoparticles [102]. Our results in Fig. 7(c) show a similar
trend for the relationship between grain size and reduced den-
sity, as reported by Fang et al. [32]. However, samples AIN-8
and AIN-8-0.1 display different critical densification values,
98.7% and 95%, respectively, suggesting that the densification
threshold increases with the external pressure. Other samples
with 12 and 16 nm sized nanoparticles also reach densifica-
tions higher than 90%. However, they do not display apparent
microstructure coarsening, as shown in Fig. 2. These results
suggest that small nanoparticles and high external pressure de-
lay the onset of the swift grain growth to a higher densification
value during the hot-press sintering process.

V. CONCLUSIONS

In summary, we performed MD simulations to investigate
the densification process and microstructural evolution during
the hot-press sintering of AIN nanoparticles. Three nanopar-
ticle sizes of 8, 12, and 16 nm and two hydrostatic pressures
of 0.1 and 1.0 GPa were used to clarify the effects of particle
size and pressure on the sintering process. The AIN-8 sample
displays a nearly full densification of ~99%, yet also a signif-
icant microstructural coarsening, resulting in an average grain
size of 11 nm. The results of the AIN-8 sample suggest a shift
of densification mechanisms from surface diffusion to grain
boundary migration and relaxation of the structure at grain
boundaries and triple junctions as the sintering progresses.
This shift is accompanied by a two-stage microstructural evo-
lution. During the first stage, the sample experiences a fast
densification, reaching a critical densification value, and a
constrained microstructural evolution. In contrast, during the
second stage, the sample undergoes intense microstructural
coarsening while the densification slowly increases. In addi-
tion, results show a strong pressure effect on the densification
as well as critical densification value of the AIN-8 sam-
ple, which increases densification and critical densification
value from 96.2% to 99% and from 95% to 98.7%, respec-
tively, when compared with the AIN-8-0.1 sample, i.e., when
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hydrostatic pressure is increased from 0.1 to 1.0 GPa. The
densification mechanisms as well as the rapid grain growth
process we observed here are in excellent agreement with
previous experimental investigations. This work highlights
the atomistic mechanisms inherent to the fast densification
of nanoceramics under hot-press sintering and is expected to
support future work on the effects of temperature, pressure,
and electric fields on the sintering process of nanoceramics

and in the search of effective methods to inhibit sintering grain
growth.
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