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ABSTRACT: Silicon  nitride  (Si3N4)  is  an  excellent  candidate  for
engineering  ceramics;  however,  its  toughness  and  hardness  remain
fundamentally constrained by the inherent limitations arising from the
incompatible  α-phase  (characterized  by  high  hardness)  and  β-phase
(characterized by high toughness). Herein, we report the exploration of
advanced  Si3N4 ceramics  enabled  by  an  intergrown  cluster
microstructure,  which  achieves  a  synergistic  enhancement  in  both
toughness  (10.2±0.3  MPa·m1/2)  and  Vickers  hardness  (20.1±0.3  GPa).
These synergistic properties represent the state-of-the-art among Si3N4

ceramics  fabricated  via  liquid-phase  sintering  reported  to  date.  The
formation  of  columnar  clusters  is  driven  by  a  high-pressure-induced
coarsening  process.  The  established  metastable  growth  mechanism
may open an avenue for fabricating new-generation Si3N4 ceramics with superb performance.
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1    Introduction
Silicon  nitride  (Si3N4),  a  widely  adopted  engineering  ceramic,
demonstrates  significant  potential  in  emerging  applications  such
as  insulated  gate  bipolar  transistor  (IGBT)  packaging,
semiconductor  substrates,  and  bioceramics  due  to  its  high
theoretical  thermal  conductivity  and  excellent  biocompatibility
[1−3].  However,  liquid-phase  sintering,  the  dominant
densification  mechanism  for  Si3N4,  restricts  further  performance
enhancements [4]. The inherent phase transformation of this high-
temperature  process  typically  yields  a  β-phase-dominated
microstructure.  The  precipitated  β-phase  grains  exhibit
anisotropic  growth  with  high  growth  rates  along  certain
crystallographic  directions,  leading  to  the  formation  of  an
interlocking  microstructure  that  enhances  strength  and
toughness [5−7]. Nevertheless, this high growth rate also tends to
cause  grain  coarsening,  making  it  difficult  to  precisely  control
microstructure evolution and thus limiting further improvements
in properties [8].

High  pressure  lowers  the  required  densification  temperature
below the phase transition point, thereby enabling the fabrication
of  dense,  equiaxed  α-phase  Si3N4 ceramics  characterized  by  high
hardness but intrinsically low toughness [9]. Due to their distinct
lattice  stacking  sequences,  the  α-phases  and  β-phases  essentially
represent  high-hardness  and  high-toughness  phases,  respectively.

The  adjustments  of  processing  parameters  and  powder
composition  to  content  allow  the  tuning  of  toughness  and
hardness  by  manipulating  phase  content  [10],  but  they  cannot
overcome  the  performance  bottleneck  caused  by  the  phase
composition  and  grain  morphology  inherent  to  conventional
sintering.  Although  novel  silicon  nitride  architectures  with  a
certain  degree  of  compromise  between  toughness  and  hardness
can be synthesized through complex processing or extreme high-
pressure  techniques,  these  high-cost  approaches  have  yet  to
achieve  a  definitive  breakthrough  in  the  synergistic  optimization
of both properties [11−13].

Notably,  a  previous  study  on  high-pressure-assisted  liquid-
phase  sintering  revealed  that  high  pressure  promoted  phase
transformation  through  a  mechanism  involving  stress-induced
interfacial  migration  [14,15].  This  mechanism  altering  the
microstructure by transcending the thermodynamic constraints of
phase transformation avoided the performance limitations caused
by  microstructural  and  phase  composition  in  conventional
sintering.  Consequently,  a  deeper  investigation  into  the
microstructural  evolution  and  grain  growth  kinetics  during
metastable  phase  transitions  under  high-pressure  stress  can
provide  insights  that  break  the  limitations  of  traditional  liquid-
phase  sintering,  offering  a  theoretical  basis  and  guidance  for
developing a new generation of high-performance Si3N4 ceramics.
Based on previous experience with additive content and sintering 
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temperature,  and  to  prevent  grain  coarsening  and  performance
degradation induced by excessive liquid phase formation, samples
were prepared using 2%, 4%, and 6% sintering aids and sintered at
1550 and 1600  °C for experimental investigation [14].

In this study, notably, at 1600 °C and 200 MPa, Si3N4 ceramics
featuring  a  unique  distorted  morphology—with  concurrent
improvements  in  fracture  toughness  and  hardness—were
successfully fabricated. The results demonstrate that during liquid-
phase  sintering,  the  application  of  high  pressure  facilitates  the
distorted  growth  of  precipitated  grains  by  actively  regulating
interfacial stress.

2    Experimental
The starting raw materials included Si3N4 (α-phase content > 95%,
oxygen content < 2 wt%, median particle size 0.2 μm, UBE), Al2O3
(purity > 99%, Macklin), and Y2O3 (purity > 99%, Macklin) with
three different mixing ratios: 2 wt% (Si3N4 : Al2O3 : Y2O3 = 98 : 1 : 1),
4 wt% (Si3N4 : Al2O3 : Y2O3 = 96 : 2 : 2), and 6 wt% (Si3N4 : Al2O3 :
Y2O3 =  94  :  3  :  3).  The  mixed  powder  was  then  dispersed  in
ethanol  and  planetary  ball-milled  for  8  h  with  Si3N4 balls.  The
resulting slurry was then dried,  sieved through a 200-mesh sieve,
and  sintered  via  spark  plasma  sintering  (SPS;  ED-PAS-111,
ELENIX, Japan) in a carbon fiber-reinforced die under 200 MPa.

The  three  different  powder  formulations  were  sintered  at
200   MPa and  temperatures  of  1550  and  1600    °C.  As  a
comparative  sample,  the powder containing 6   wt% additive  was
sintered under 50  MPa and 1700  °C. Sintering was conducted in
a nitrogen  atmosphere  at  0.1    MPa,  with  a  heating  rate  of
100  °C·min−1. Each specimen was held at the peak temperature for
20   min.  For  high-pressure  sintering  at  200   MPa,  an  initial
pressure of 50  MPa was applied, which was increased to 200  MPa
before the temperature reached 600  °C.

Crystal  structures  were  characterized  with  an  X-ray
diffractometer  (XRD;  Empyrean,  PANalytical  B.V.,  the
Netherlands).  The  quantitative  phase  composition  of  all  samples
was  determined  by  Rietveld  refinement  using  Fullprof  software.
The  resulting  goodness-of-fit  indicators  were  all  below  15%,
confirming  the  high  reliability  of  the  refinement  results  [16].
Microstructural analysis was performed on polished and plasma-
etched  surfaces  with  a  scanning  electron  microscope  (SEM;
Regulus  8230,  Hitachi  Ltd.,  Japan).  The  CF4 ion  etching  process
required  50  W at  2  Pa  for  5  min.  Detailed  microstructures  were
examined  with  a  transmission  electron  microscope  (TEM;  Talos
F200S, FEI, USA). The average grain size and average grain aspect
ratio  were  statistically  calculated  with  ImageJ  software  on  ion-
etched  images,  and  at  least  800  grains  were  analyzed.  Vickers
hardness was measured after a load of 19.6 N was applied for 15 s
(Innovatest  Europe  B.V.,  the  Netherlands).  Fracture  toughness
was evaluated using the Vickers indentation method [17]. A VHX-
7000 digital microscope (Keyence) was used to take images of the

fracture surfaces of the samples. Given the small dimensions of the
specimens  sintered  under  high  pressure,  which  prevented  direct
elastic  modulus  (E)  measurement,  a  standard  value  of  300  GPa,
typical  for  conventional  Si3N4,  was  used  in  calculations.  A
constraint  factor  of  3  was  applied  in  the  analytical  model.  The
bulk  density  of  the  sintered  specimens  was  determined  via  the
Archimedes method.

The  biaxial  flexural  strength  was  measured  on  sintered  disc
samples with a diameter of 15 mm and a thickness of 1 mm. The
hardness,  toughness,  and  flexural  strength  values  of  each  sample
were  determined  by  averaging  the  results  obtained  at  seven
indentations.  Samples  were  designated  according  to
temperature‒pressure  and  additive  content  (e.g.,  1550–200-2
denotes 1550 °C and 200 MPa with 2 wt% additives).

3    Results and discussion
XRD analysis of the samples sintered under 200 MPa revealed that
the liquid phase content is the critical  factor governing the phase
transformation  of  Si3N4.  With  the  addition  of  a  2  wt%  sintering
aid, negligible phase transformation occurred at 1550 °C, and the
α-phase  content  was  measured  as  96.15%  (Table  1).  The  bulk
densities  of  the  samples,  measured  by  the  water  displacement
method,  indicated  that  near-full  densification  was  achieved  in
most cases (Table 2), with only the 1550–200-2 sample exhibiting
a  slightly  lower  relative  density.  In  the  case  of  the  1600–200-2
sample, raising the temperature by 50 °C only resulted in a slight
decrease  in  the  α-phase  content  from  96.16%  to  93.43%.  The
microstructure of the 1600–200-2 sample (Fig. 1(e)) was primarily
composed  of  equiaxed  grains,  with  numerous  large  particles
exhibiting  features  of  dynamic  grain  growth,  such  as  cluster-like
aggregation and intragranular pores [18]. Additionally, needle-like
grains,  identified  as  precipitated  β-phase  particles,  were
occasionally  observed  within  sparse  white  liquid  phase  regions
(indicated  by  red  arrows).  These  findings  suggest  that  in  the
absence of a sufficient liquid phase, densification is predominantly
driven  by  quasiplastic  deformation  mediated  by  particle
rearrangement and sliding—even at temperatures above the phase
transformation threshold.

 

Table 1    Analyzed phase content of all sintered samples (Unit: %)

Sample α-phase β-phase
1550–200-2 96.15 3.85
1550–200-4 58.35 41.64
1550–200-6 42.05 57.95
1600–200-2 93.43 6.57
1600–200-4 52.75 47.25
1600–200-6 18.91 81.09
1700–50-6 20.20 79.80

 

Table 2    Characteristics and performance parameters of all sintered samples

Sample Raletive
dentisy (%)

Average grain
size (μm)

Average grain
aspect ratio

Vickers hardness
(GPa)

Facture toughness
(MPa·m1/2)

Biaxial flexural strength
(MPa)

1550–200-2 97.8 0.21 1.10 23.7±0.3 3.5±0.2 293±25
1550–200-4 98.8 0.29 1.11 22.4±0.4 4.5±0.2 583±67
1550–200-6 99.3 0.31 1.41 21.9±0.3 5.8±0.3 600±59
1600–200-2 98.6 0.29 1.12 22.9±0.3 3.8±0.3 367±29
1600–200-4 99.2 0.40 1.47 20.9±0.2 6.1±0.2 726±57
1600–200-6 99.3 0.47 1.65 20.1±0.3 10.2±0.3 982±63
1700–50-6 98.2 0.32 1.46 18.4±0.3 6.8±0.3 936±52
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When the additive  content  was  increased to  4  and 6 wt%,  the
phase  transformation  behavior  varied  significantly  depending  on
both  the  liquid  phase  volume  and  temperature.  With  4  wt%
additive,  the  β-phase  content  formed  after  sintering  at  1550  °C
was 41.64%, which increased to 47.25% when the temperature was
raised  by  50  °C.  With  6  wt%  additive  samples,  the  phase
transformation was already more than 50% complete at 1550 °C,
with  a  β-phase  content  of  57.95%.  At  the  higher  temperature  of
1600  °C,  the  transformed  phase  content  reached  81.09%.  The
microstructural  evolution  observed  in  the  SEM  images  of  the  4
and 6  wt% samples  (Figs.  1(d)  and 1(c))  was  consistent  with  the
phase transformation trends indicated by XRD analysis (Fig. 1(a)).
At  1600  °C,  both  samples  developed  columnar  grains
characterized  by  intergrown  and  distorted  morphologies,  as
marked  by  red  dashed  lines.  This  microstructural  trend  was
particularly pronounced in the 6 wt% sample.

Conversely, although  the  sample  sintered  at  1700    °C  under
50   MPa (low pressure and high temperature) achieved a β-phase
content of 79.80%, comparable to that of the 1600  °C–200   MPa
(6  wt% additive)  sample,  its  microstructure  differed  significantly.
The ion-etched SEM image (Fig. 1(b)) reveals a matrix composed
of elongated columnar grains and a white liquid phase embedded
with numerous fine particles. According to XRD results indicating
79.80%  β-phase  content,  these  fine  particles,  which  are  smaller
than  the  initial  powder  size  of  200  nm,  are  identified  as  newly
formed  β-phase  nuclei,  in  particular  nanoparticles  with  irregular
morphology. The slightly larger equiaxed grains observed around
the white liquid phase are likely undissolved α-phase particles.

In  short,  distorted  clusters  in  the  1600–200-6  sample  were
formed  because  high  pressure  enhanced  the  growth  of  grains
precipitated  from  the  liquid  phase. Table  2 shows  the  Vickers
hardness,  biaxial  flexural  strength,  and  fracture  toughness  of  all
samples.  The  mechanical  properties  were  closely  correlated  with
the phase  composition.  The 1550–200-2 sample  exhibited a  high
hardness of 23.7 GPa, low fracture toughness (3.5 MPa·m1/2),  and
low  flexural  strength  (293  MPa).  When  the  additive  content
increased  to  4  and  6  wt%,  along  with  the  increasing  extent  of
phase  transformation,  the  hardness  of  the  samples  decreased,
whereas  both  the  strength  and  toughness  increased.  This  trend
was more pronounced in the samples sintered at 1600 °C.

Notably,  the  1600–200-6  sample  exhibited  distorted  grain
growth  and  a  hardness  of  20.1±0.3  GPa,  but  it  unexpectedly
attained  superior  toughness  (10.2±0.3  MPa·m1/2)  and  strength
(982±63  MPa).  In  contrast,  the  1700–50-6  sample  characterized

by interlocking columnar grains demonstrated a flexural strength
of 936±52 MPa and toughness of 6.8±0.3 MPa·m1/2. However, due
to  the  fine  and  uniform  grain  size  and  the  presence  of  residual
equiaxed  α-Si3N4 particles  that  did  not  undergo  phase
transformation, the hardness remained at a level of 18.4±0.3 GPa.

Figure  2(a)  illustrates  the  relationship  between  the  Vickers
hardness  and  fracture  toughness  for  the  samples  synthesized  in
this  work  and  Si3N4 ceramics  in  previous  studies.  Mainstream
commercial  Si3N4 mainly  composed  of  the  β-phase  typically
displays  a  performance envelope defined by a  fracture  toughness
of 4–8 MPa·m1/2 and a hardness of 14 to 18 GPa, which primarily
depend  on  the  grain  size  and  aspect  ratio  of  β-grains.  Various
strategies  (Fig.  2(a)),  such  as  process  optimization,  multistep
sintering,  and  fiber  reinforcement,  successfully  enhanced
individual properties, but they did not resolve the inherent trade-
off between hardness and toughness caused by the phase content.
Remarkably,  the  1600–200-6  sample  developed  in  this  study
overcame  these  limitations,  increased  fracture  toughness  and
maintained  high  hardness.  This  result  suggested  a  significant
breakthrough  relative  to  the  conventional  performance  limits  of
liquid-phase sintered Si3N4.

Figures  2(b)–2(e)  illustrate  the  typical  indentation  crack
propagation  morphologies  of  silicon  nitride  ceramics  fabricated
under  various  processing  parameters,  revealing  the  decisive
influence  of  microstructural  anisotropy  on  fracture  resistance.  In
the  1600–200-2  specimen,  the  crack  path  is  remarkably  straight
with  the  maximum  extension  length,  primarily  attributed  to  a
microstructure dominated by equiaxed grains. Due to the lack of
effective spatial hindrance, the crack propagates via a low-energy-
dissipative  intergranular  fracture  mode,  reflecting  the
characteristic  failure  of  inherently  brittle  materials.  Conversely,
with  increasing  sintering  temperature  or  additive  content,  the
substantial  development  of  elongated  columnar  grains  triggers  a
pronounced crack  deflection  mechanism.  As  shown in Figs.  2(c)
and 2(d),  these  high-aspect-ratio  grains  force  the  crack  tip  to
deviate  continuously  from  its  original  trajectory,  resulting  in  a
highly  tortuous  path  that  significantly  increases  the  cumulative
fracture surface area and dissipates substantial elastic energy.

Comparative  observations  indicate  that  the  fracture  resistance
of 1700–50-6 is slightly superior to that of 1600–200-4. Although
both  exhibit  enhanced  toughness,  1700–50-6  benefits  from  a
higher β-phase content and a dense population of  fine elongated
columnar  grains,  which  effectively  absorb  crack  energy  through
extensive  transgranular  fracture.  In  contrast,  the  crack  in

 

Fig. 1    (a) XRD patterns of the sintered samples. (b–e) Ion-etched microstructures of the samples sintered under different conditions: (b) 1700 °C and 50 MPa (6 wt%
additives), (c) 1600 °C and 200 MPa (6 wt% additives), (d) 1600 °C and 200 MPa (4 wt% additives), and (e) 1600 °C and 200 MPa (2 wt% additives).
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1600–200-4  (Fig.  2(d))  is  accompanied  by  evident  intergranular
fracture, transgranular fracture of large grains, and crack bridging,
where  the  synergistic  effect  of  cluster  fracture  and  bridging
inhibits crack expansion.

The  1600–200-6  sample  exhibited  optimal  fracture  toughness.
It  is  uncommon  to  observe  such  high  hardness  combined  with
relatively  short  crack  lengths,  as  evidenced  by  the  indentation
image  in Fig.  2(g).  A  typical  microstructural  feature  observed  in
Fig. 2(b) is the presence of distinct columnar grain clusters. These
clusters manifest as coarse grain nodes exhibiting distinct internal
stress–field  distortion  features.  A  magnified  view  of  the  crack
segment  from Fig.  2(b)  (presented  in Fig.  2(f))  reveals  that  the

bridging  grains  (indicated  by  yellow  arrows)  are  exclusively
composed  of  columnar  clusters  (marked  by  red  arrows).  The
bridges formed by fracture within these columnar clusters exert a
substantial  closure  stress  to  counteract  the  crack-opening
displacement [31]. Furthermore, the detachment of these distorted
columnar  grain  clusters  from  the  matrix  (via  intergranular
fracture)  necessitates  immense  frictional  pull-out  energy.
Consequently,  these  distorted  clusters  effectively  suppress  crack
propagation  through  a  potent  synergy  between  crack  growth
retardation and bridging mechanisms.

To elucidate the cluster formation mechanism in the 1600–200-6
sample,  TEM  analysis  was  performed  on  the  microstructures  of
6 wt% samples sintered at 1550 and 1600 °C. The morphological
evolution  indicated  the  profound  influence  of  high  pressure  on
the growth behavior  of  precipitated particles.  The microstructure
of  the  1550–200-6  sample  (Fig.  3(a))  exhibited  a  mixed
morphology of equiaxed and columnar grains. The coexistence of
columnar  grains  and  large  equiaxed  particles  characterized  by
intragranular pores and agglomerated features suggested that two
distinct  mechanisms  existed  in  the  late  stage  of  densification:
dynamic  growth  and  phase  transformation-induced  growth
[15,18].  Additionally,  a  small  fraction  of  spherical  particles  with
high-curvature  interfaces  were  observed.  In  conventional
sintering,  grain  interfaces  typically  become  planar  because  the
interface  curvature  serves  as  the  primary  driving  force  for  grain
boundary migration. However, under high-pressure densification,
intense localized stress often leads to the formation of irregular or
distorted  interfaces.  Therefore,  the  retention  of  these  high-
curvature  particles  during  high-pressure  liquid-phase  sintering
indicated the presence of incompletely dissolved α-phase particles.
A  clear  correlation  between  the  growth  of  columnar  grains  and
these  spherical  particles  existed.  The  growth  of  columnar  grains
exhibited a  tendency to converge toward spherical  particles.  This
convergent  behavior  was  likely  driven  by  the  localized
supersaturation  in  the  liquid  phase  generated  by  the  rapid
dissolution of α-phase particles [5,6]. Roman numerals I to IV are
labeled  in  the  four  insets  of Figs.  3(b)–3(e)  to  illustrate  the
sequential  process  of  grain  convergence. Figure  3(b)  shows
multiple  columnar  grains  encapsulating  a  spherical  particle.
Figures 3(c) and 3(d) depict adjacent columnar grains converging
around  a  gradually  dissolving  α-phase  particle. Figure  3(e)
captures  the  state  where  neighboring  columnar  grains  have  fully
converged. The TEM image of the 1600–200-6 sample (Fig. 3(f))
reveals  significant microstructural  transformations resulting from

 

Fig. 2    Mechanical  properties  and  crack  propagation  behavior  of  the  high-
temperature sintered samples: (a) comparison of Vickers hardness and fracture
toughness  between the  four  high-pressure  sintered samples  and the  data  from
relevant studies; (b–e) indentation crack propagation morphologies of samples:
(b)  1600–200-6,  (c)  1700–50-6,  (d)  1600–200-4,  and  (e)  1600–200-2;
(f) magnified view of the crack shown in (b). (g) Indentation micrograph of the
1600–200-6 sample.

 

Fig. 3    TEM micrographs of the samples sintered with 6 wt% additives:  (a) general morphology of the 1550–200-6 sample; (b–e) high-resolution images of specific
features: (b) columnar grains encapsulating a spherical α-phase particle, (c, d) adjacent columnar grains converging around dissolving α-phase particles, and (e) fully
converged columnar grains; (f) microstructure of the 1600–200-6 sample with distorted columnar clusters.
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the  temperature  increase  of  50  °C.  The  α-phase  particles  were
almost  entirely  absent,  indicating  a  more  complete
dissolution–precipitation  process.  The  grains  evolved  into  larger,
distorted,  and  intergrown  columnar  clusters  (outlined  by  red
dashed  lines).  When  the  complete  dissolution  of  α-particles
enhanced  the  clustering  tendency  of  β-grains,  the  stress
interaction  between  adjacent  grains  under  high-pressure
conditions during the late stage of densification also promoted the
formation of these distorted growth morphologies.

Figure  4 presents  TEM  images  and  GPA  analysis  of  the
intergrown  clusters  in  the  1600–200-6  sample. Figure  4(a)
provides an overview of the general cluster morphology, where a
remnant  α-phase  particle  (tens  of  nanometers  in  size)  was
identified in boxes in Area b.  The corresponding high-resolution
TEM  (HRTEM)  image  (Fig.  4(b))  highlights  a  significantly
distorted boundary between this  α-nanoparticle  and the  adjacent
grains.  Based  on  the  inverse  Fourier  transform  (IFT)  patterns
shown in the top-right insets of Figs. 4(c)–4(f), it is observed that
these  intersecting  grains  maintain  highly  consistent
crystallographic orientations. Specifically, as illustrated in Fig. 4(c),
although  the  two  adjacent  grains  situated  above  the  α-phase
particle  exhibit  a  tendency  toward  a  unified  lattice  orientation,  a
misorientation  angle  of  ~4°  is  observed  between  their  respective

undistorted  lattice  regions.  Interestingly,  the  lattice  mismatch
between these two grains manifests as a continuous distorted zone
devoid of a distinct, sharp interface. Furthermore, focusing on the
boundary region at the contact area between the α-phase particle
and  adjacent  grains  (marked  by  the  square  in Fig.  4(b)),  the
HRTEM images and IFT patterns in Figs. 4(d)–4(f) reveal that the
residual  α-phase  and  the  adjacent  large  β-phase  grain  share  the
same crystallographic orientation, forming a coherent heterophase
interface.  Undoubtedly,  these  distortions  are  induced  by  high-
pressure  stress.  It  is  noteworthy,  however,  that  such  distortions
manifest not only within the kinked β-columnar grains (Fig. 4(b))
but  also  at  the  phase  boundaries  of  the  α-phase,  which  is
mechanically  harder  at  lower  temperatures.  The  preferential
occurrence  of  these  distortions  on  the  α-side  of  the  coherent
interface likely stems from the lattice instability of the α-phase on
the threshold of its phase transformation at elevated temperatures.

Regarding  quasiboundaries  with  identical  crystallographic
orientations,  Shen et  al. [5]  proposed  that  such  quasiboundary
morphology  emerges  during  the  ordered  convergence  of  nano
β-phase  particles  in  the  phase  transformation  process.  This
morphology represents a metastable “quasiboundary” state during
particle  convergence  prior  to  the  formation  of  larger  grains.
Unlike  the  quasiboundaries  formed  under  low-pressure  rapid

 

Fig. 4    Microstructural analysis of the distorted columnar cluster of the 1600–200-6 sample: (a) general TEM morphology; (b) HRTEM image showing lattice distortion
at the junction of three grains; (c–f) enlarged HRTEM images corresponding to the distorted regions marked in (b); (g, h) HRTEM images of the boundary regions
marked by red and white boxes in (a), (g1–g3) and (h1–h3) corresponding GPA strain maps (εXX, εXY, and εYX) in (g, h).
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sintering conditions reported by Shen, those observed in Fig. 4(a)
exhibit  significant  lattice  distortion.  This  strained “boundary”
morphology  likely  results  from  stress-induced  interfacial
deformation  during  particle  convergence  under  high  pressure.
The wrinkled “boundary” between two adjacent β-phase particles
with  identical  orientations  in Fig.  4(c),  along  with  similar
compressive wrinkling observed in the α-phase particle in Figs. 4(d)–
4(f)  suggests  that  high-pressure  stress  during  β-phase  particle
convergence involves dynamic processes such as interfacial sliding
and shear.

Geometric  phase  analysis  (GPA)  was  performed  on  the  grain
interfaces  highlighted  in  Regions  g  and  h  in Fig.  4(a),  and
pronounced wrinkling was observed. The corresponding HRTEM
micrographs  (Figs.  4(g)  and 4(h))  revealed  distinct  signatures  of
interfacial  sliding at  the terminals of  these wrinkled interfaces.  In
the  corresponding  GPA  strain  maps,  significant  stress‒strain
concentrations  (indicated  by  the  most  pronounced  color
contrasts)  were  observed  across  the  interfaces  along  the εXY
direction  in Fig.  4(g2)  and  the εYX direction  in Fig.  4(h3).
Moreover, the shear strain along the εXY direction in Fig. 4(g) and
the εYX direction  in Fig.  4(h)  was  parallel  to  the  respective
interfaces, indicating the presence of significant shear stress at the
wrinkled interfaces and the occurrence of dynamic processes such
as squeezing and shearing between adjacent grains.

Furthermore,  a  detailed  investigation  was  conducted  on  the
wrinkled  region  situated  beneath  the  α-particle  distorted  zone  in
Fig.  4(a),  with the corresponding TEM morphology presented in
Fig.  5(a).  High-magnification  TEM  imaging  of  the  boxed  region
(b)  in Fig.  5(a)  (displayed  in Fig.  5(b))  reveals  a  morphology
resembling  a  distorted  triangular  grain  boundary  junction,
resulting  from  the  mutual  squeezing  and  impingement  of  two
large  columnar  grains  against  a  central  grain.  The  interfacial
morphologies  at  the  center  (Fig.  5(c))  and the  peripheral  regions
(Figs.  5(d)  and 5(e))  were  further  characterized  via  HRTEM.
Consistent crystallographic orientations across the entire distorted
zone are  confirmed by the  diffraction patterns  in Figs.  5(c)–5(e).
The  HRTEM  images  reveal  a  distinct  directional  preference  in

lattice  distortion,  as  highlighted  by  the  oval  frames.  Specifically,
within  the  central  region  (Fig.  5(c)),  the  distortion  manifests  as
numerous  lattice  misorientations  aligned  parallel  to  the  (100)
planes—essentially  perpendicular  to  the c-axis  direction.  In  the
peripheral regions (Figs. 5(d) and 5(e)), the directional alignment
of  these  lattice  misorientations  is  found  to  be  highly  consistent
with  the  contour  of  the  quasiboundary  profiles  observed  in
Fig.  5(b).  These  findings  demonstrate  that  during  ordered
coalescence  along  the c-axis,  the  converging  particles  undergo
significant  stress-induced  squeezing  and  interfacial  shearing,
which fundamentally governs the evolution of the columnar grain
cluster microstructure.

To  illustrate  the  mechanism  of  cluster  formation,  a  schematic
diagram (Fig.  6)  outlines  the  key  evolutionary  stages. Figure  6(a)
shows  the  initial  powder  mixture  of  α-Si3N4 and  sintering
additives. Figure  6(b)  illustrates  the  early  stage  of  liquid-phase
dissolution  and  phase  transformation.  Columnar  grains  under
high  pressure  demonstrated  a  distinct  convergent  growth
tendency.  This  phenomenon  was  driven  by  the  high
supersaturation  of  the  liquid  phase  resulting  from  the  rapid
dissolution of metastable α-Si3N4. In the final stage of dissolution–
precipitation  (Fig.  6(c)),  as  the  α-phase  was  nearly  exhausted,
adjacent  columnar  grains  coalesced  and  grew.  Driven  by  high
compressive  stress,  these  grains  underwent  mutual  extrusion
and  sliding,  ultimately  resulting  in  distorted  columnar  grain
clusters (Fig. 6(d)).

4    Conclusions
In  conclusion,  the  effects  of  high  pressure  above  the  phase
transformation  temperature  on  phase  transformation  and  grain
growth  during  the  final  stage  of  densification  were  investigated
under three different contents of sintering additives. It was found
that  the  microstructure  evolution  and  mechanical  properties  of
Si3N4 sintered  under  a  pressure  of  200  MPa  were  highly
dependent  on  the  liquid  phase  content.  A  low  additive  content
(2  wt%) yielded high-hardness  α-Si3N4,  and increasing  the  liquid

 

Fig. 5    (a) TEM image of the central region of a distorted cluster particle; (b) TEM image of the distorted triangular region observed within the coarse grain in (a);
(c–e) HRTEM images of the center and edge of the distorted region in (b).
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phase to 4–6 wt% facilitated complete phase transformation, thus
resulting  in  high  strength  and  toughness.  Notably,  the  6  wt%
sample  sintered  at  1600  °C  achieved  the  simultaneous
enhancement  of  strength  (982±63  MPa),  toughness  (10.2±
0.3 MPa·m1/2), and hardness (20.1±0.3 GPa). This improvement in
performance  is  attributed  to  a  unique  twisted  intergrowth
mechanism, which involves stress-induced compression and shear
during  the  ordered  coalescence  of  precipitated  particles  in  the
phase transformation.
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