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Abstract: Structural materials generally struggle to simultaneously achieve high hardness and 

toughness. Composites, as a “complementary advantages” strategy, aim to optimize the synergy 

between hardness and toughness through the regulation of microstructure and composition. However, 

conventional composite strategies commonly suffer from insufficient interfacial compatibility and 
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inhomogeneous distribution of reinforcing phases, limiting the full realization of multiphase synergistic 

strengthening effects. Here we successfully synthesized homogeneous triphase silicon nitride ceramics 

via an in-situ composite strategy under high-temperature and high-pressure (HPHT) conditions, 

achieving synergistic enhancement in hardness and toughness with a Vickers hardness of 26.34 ± 0.61 

GPa and a fracture toughness of 6.02 ± 0.48 MPa·m1/2. The superior mechanical properties are 

attributed to the precise regulation of microstructural evolution through the phase-transition pathway, 

establishing a sequential precipitation–densification mechanism that regulates γ phase precipitation 

and transformation kinetics while allowing concurrent α-to-β transformation and progressive 

densification. Specifically, nanoscale γ phase particles significantly enhance the hardness, whereas 

high-aspect-ratio β grains effectively improve fracture toughness through crack bridging and crack 

arrest and reinitiation mechanisms. This phase-transition-regulated in-situ composite strategy based on 

silicon nitride polymorphs provides new insights into the microstructural engineering for synergistic 

hardening and toughening of advanced structural ceramics. 

Keywords: silicon nitride, microstructural engineering, phase transition, composite, HPHT 

1. Introduction 

Ceramics generally exhibit high hardness owing to their strong covalent and ionic bonds, which also 

endow them with excellent resistance to temperature, corrosion, and wear [1–5]. Consequently, they 

have been widely applied in storage devices, biomedical implants, and extreme-environment 

applications [6–9]. Unfortunately, the strong and oriented bonds also lead to intrinsic brittleness, 

severely limiting their safety-critical applications [10–12]. Therefore, the design of structural materials 

simultaneously possessing high hardness and toughness remains an urgent challenge. Researches on 

ceramic toughening began in the 1970s with zirconia ceramics and ceramic matrix composites (CMCs) 

[13,14]. Fundamentally, these strategies rely on microstructural engineering to achieve precise 

regulation of crystal structures, chemical compositions, and interfaces, thereby introducing crack 
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branching, crack bridging, crack deflection, and pull-out mechanisms to dissipate fracture energy and 

effectively alleviate stress concentration at crack tips [15–19]. 

Silicon nitride, a representative brittle ceramic with strong covalent bonding, exists in α, β, and γ 

polymorphs [20–22]. Among them, α phase consists of equiaxed grains and exhibits a hardness of ~20 

GPa [23,24]. In contrast, β phase possesses rod-like grains with high aspect ratios and has been 

extensively utilized for ceramic toughening in industrial applications, but is limited to a relatively low 

hardness of ~16 GPa [25–27]. In addition, β-Si3N4 has also been exploited to fabricate hollow and 

porous ceramic structures with high mechanical strength and attractive functional properties [28,29]. 

Owing to the structural similarity and high lattice compatibility between α and β phases, extensive 

studies have focused on α/β biphasic silicon nitride ceramics combining hardness and toughness 

[30,31]. Although substantial improvements in fracture toughness have been achieved, hardness 

remains limited to ~20 GPa. In comparison, the high-pressure γ phase with a spinel structure exhibits 

an exceptional hardness exceeding 35 GPa [32], rendering it a promising candidate for enhancing the 

hardness of silicon nitride ceramics. Although γ-Si3N4 exhibits a relatively low fracture toughness of 

~3.5 MPa·m1/2, its combination with Hf3N4 has enabled nanocomposites with simultaneously 

enhanced hardness and fracture toughness [33]. However, studies on triphase silicon nitride ceramics 

remain largely unexplored because the rapid phase-transition kinetics hinder the capture of 

intermediate states, while the significant volume shrinkage accompanying the transformation imposes 

substantial challenges on densification and interfacial bonding. 

Here we establish a sequential precipitation–densification mechanism that exploits the distinct phase-

transition kinetics of silicon nitride polymorphs to regulate phase evolution and microstructural 

development. Using this strategy, we successfully fabricated homogeneous triphase silicon nitride 

ceramics under high pressure, in which γ phase precipitation precedes substantial densification while 

the α-to-β transformation proceeds concurrently. The obtained ceramics exhibit a Vickers hardness of 

26.34 ± 0.61 GPa, significantly exceeding that of α phase silicon nitride, together with a markedly 

Ju
st

 A
cc

ep
te

d



                                                                                    

Journal of Advanced Ceramics                                              https://mc03.manuscriptcentral.com/jacer 

4 

improved fracture toughness of 6.02 ± 0.48 MPa·m1/2. The superior hardness originates from nanoscale 

γ phase particles and strong coherent interfacial bonding, whereas the toughening behavior arises from 

crack bridging by high-aspect-ratio β grains and stress redistribution at crack tips. This phase-

transition-regulated strategy provides a general route to integrate hard and tough constituents for the 

simultaneous optimization of hardness and fracture toughness in polymorphic structural ceramics. 

2. Experimental methods 

2.1 Sample processing and preparation 

2.1.1 Pre-compression and pretreatment of samples 

Silicon nitride powder (purity >99.9%, Aladdin) was used as the starting material. The powder 

consisted of 93.3 wt.% α phase and 6.7 wt.% β phase, with the impurity contents reported in our 

previous work [31]. The powder was cold-pressed into pellets using a 4 mm diameter mold under a 

pressure exceeding 300 MPa. The compacted samples were first heated at 600 °C for 1 h in a tube 

furnace under flowing Ar atmosphere to remove adsorbed moisture and impurities. Subsequently, the 

pretreated samples were subjected to HPHT treatments in a 6 × 14 MN (six anvils, 14 MN maximum 

load per anvil) large-volume cubic press at 5 GPa. The α-pillar was synthesized at 1500 °C with a 

dwelling time of 10 min, whereas the β-pillar was obtained at 2000 °C for 30 min. The heating rate 

was maintained at 100 °C s-1, and the compression/decompression rate was 0.07 MPa s-1. The 

recovered α- and β-pillars were mechanically polished using diamond abrasive papers. Cylindrical 

samples with dimensions of 1.9 mm in diameter and 1.8 mm in height were extracted from the central 

region of the pillars by laser cutting. The samples were then ultrasonically cleaned in acetone to remove 

surface contaminants introduced during laser machining. The cleaned samples were used as dense 

precursors for the subsequent high-pressure synthesis experiments. 

2.1.2 High-pressure synthesis experiments 

High-pressure synthesis experiments were conducted at 15 GPa and 1100–1900 °C using a Kawai-

type multianvil press with a 10/5 assembly at the B1 and B3 stations of the Synergetic Extreme 
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Condition User Facility (SECUF), Jilin University [34]. Tungsten carbide anvils and MgO + 5 wt.% 

Cr2O3 octahedra were employed as the pressure-transmitting medium. Pressure was determined using 

a pre-calibrated pressure curve, and temperature was monitored using a W97Re3–W75Re25 (type-D) 

thermocouple. The target pressure was reached over 8 h, followed by heating at a rate of 100 °C min-

1. After the high-temperature dwelling stage, the samples were cooled to 500 °C at a rate of 100 °C 

min-1 and maintained at 500 °C during decompression. Heating was maintained until 3 h before the 

completion of pressure release, after which the samples were allowed to cool naturally. The recovered 

samples were obtained after a total decompression process lasting more than 10 h. 

2.2 Structural characterization 

X-ray diffraction (XRD) patterns were collected using an R-AXIS RAPID X-ray diffractometer 

(Rigaku, Cu Kα radiation) operated at 30 kV and 40 mA, and a SmartLab SE diffractometer (Rigaku, 

Cu Kα radiation) equipped with a D/teX Ultra250 (0D/1D) detector. The α, β, and γ phases were 

identified using PDF 01-083-0700, 01-073-3032, and 01-075-8455, respectively. The Rietveld 

refinement method was employed to quantify the phase contents by using the generalized structure 

analysis system (GSAS) [35]. Raman spectra were acquired using a LabRAM HR Evolution 

spectrometer with 532 and 785 nm laser excitation sources over the spectral range of 150–1150 cm-1. 

The fracture surfaces and crack morphologies were characterized by scanning electron microscopy 

(SEM, Regulus-8100, Hitachi Ltd.) operated at an accelerating voltage of 5 kV. Nanoscale structural 

characterization was performed by focused ion beam (FIB) milling using a Thermo Scientific Helios 

5 CX system. Lamellae were extracted perpendicular to the stress-free region. Phase distribution and 

orientation relationships were further analyzed by 4D scanning transmission electron microscopy (4D-

STEM) orientation characterization (Thermo Scientific Spectra 200 equipped with an Electron 

Microscope Pixel Array Detector, EMPAD) using a precession angle of 1°, a step size of 3 nm, and an 

exposure time of 20 ms, together with transmission electron microscopy (TEM, FEI Tecnai F20). 

2.3 Computational methods 
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To evaluate thermodynamic stability, we performed thermodynamic integration (TI) for the α‑β phase 

boundary. Configurational sampling was assisted by MatterSim [36], and iterative training produced 

a standard neuroevolution potential (NEP) [37,38] trained on DFT data. TI was conducted with this 

standard NEP using GPUMD [39,40]. For kinetic barriers, we employed the solid‑state nudged elastic 

band (SSNEB) method [41] for the α-to-γ and β-to-γ transformations, using an SSNEB-NEP trained 

on pathway configurations generated by SSNEB with TSASE built upon the Atomic Simulation 

Environment (ASE) [42]. DFT reference data were obtained with the PAW method [43,44], PBE 

functional [45], and Grimme D3 corrections [46,47] in VASP [48,49], using a 900 eV cutoff and 10-

6 eV convergence. Detailed procedures are given in the ESM. 

2.4 Mechanical characterization 

Vickers hardness measurements were performed at loads of 1.96, 4.9, 9.8, and 19.6 N with a dwell 

time of 10 s. At least five valid indentations were analyzed at each load to calculate the average 

hardness values and standard deviations. Fracture toughness was evaluated from at least five valid 

indentations at 19.6 N, and the average fracture toughness and standard deviation were calculated 

accordingly. Nanoindentation tests were conducted using a KLA Nano Indenter G200 with a maximum 

load of 500 mN. 

Vickers hardness, HV (GPa), was calculated using: 

𝐻V  = 1854.4𝐹/𝐿2                                                              (1) 

where F is the applied load (N), L is the average length of the diagonal of indentation (μm).  

The fracture toughness obtained from indentation tests, KIC (MPa·m1/2), was calculated using [50]: 

𝐾IC = 0.016(𝐸 𝐻V⁄ )0.5 𝐹 𝑐⁄ 1.5
                                                 (2) 

where E is the Young's modulus (GPa), HV is the Vickers hardness (GPa), F is the applied load (N), c 

is the average length of the radial cracks (μm).  

3. Results and discussion 

3.1 Phase-transition pathways and high-pressure phase diagram 
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To investigate the phase-transition pathways of α- and β-Si3N4 under HPHT conditions, dense single-

phase silicon nitride pillars were first synthesized at a relatively low pressure of 5 GPa. XRD patterns 

(Fig. 1(a)) and SEM images (Fig. 1(c)), together with the grain-size distribution shown in Fig. 1(f), 

confirm that the starting material consists predominantly of α-Si3N4 with a minor amount of β phase. 

Based on our previous work [31], the α- and β-pillars were synthesized at 1500 and 2000 °C, 

respectively, and the assembly configuration is illustrated in Fig. 1(b). Polished-and-etched SEM 

characterization of the synthesized samples (Figs. 1(d)-1(e)), together with the corresponding grain-

size distributions (Figs. 1(g)-1(h)), reveals distinct microstructural evolution in the two pillars. For the 

α-pillar, in the absence of significant phase transformation, grain fragmentation under high pressure 

results in substantial grain refinement, with the average grain size decreasing markedly from 0.71 to 

0.26 μm. In contrast, the β-pillar undergoes pronounced densification, accompanied by grain growth 

at elevated temperature, with the average grain size increasing to 1.21 μm. These pillars were 

subsequently employed to explore the phase-transition pathways toward the γ phase under 15 GPa and 

1100–1900 °C. The detailed assembly configuration and pressure calibration curve are shown in Fig. 

S2 in the ESM. 
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Fig. 1. Pretreatment of the starting material and microstructural characterization. (a) XRD patterns of 

the starting material and the sample pre-compacted under HPHT conditions. (b) Schematic illustration 

of the assembly configuration in a 6 × 14 MN large-volume cubic press. (c–e) SEM images of the 

starting material and polished-and-etched surfaces of the α- and β-pillars, respectively, acquired in the 

backscattered electron (BSE) mode. (f–h) Corresponding grain-size distributions for the 

microstructures shown in (c–e), respectively. 

Fig. 2a and Fig. S3 in the ESM present the XRD patterns of samples synthesized using α-pillars as 

precursors at different temperatures. Rietveld refinement of the XRD patterns of the triphasic samples 

provides quantitative phase fractions, as summarized in Fig. S4 in the ESM and Table 1. Unexpectedly, 

a small amount of γ phase (6.8 wt.%) forms at only 1100 °C. With increasing temperature to 1300 °C, 
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the γ phase content increases only slightly to 8.7 wt.%. The gradual increase in γ phase fraction at 

1100–1300 °C suggests that γ phase nucleation can occur at relatively low temperatures, whereas 

substantial phase transformation requires higher temperatures. At 1500 °C, the α phase undergoes 

simultaneous α-to-β and α-to-γ transformations, resulting in 17.0 wt.% β phase and 14.1 wt.% γ phase. 

Upon further heating to 1600 °C, the α-to-β transformation becomes dominant, with the β phase 

content increasing from 17.0 to 37.3 wt.%, indicating strong competition between the transformation 

pathways and their pronounced temperature dependence. At 1700 °C, only the γ phase is detected, 

indicating the formation of bulk single-phase γ-Si3N4. Raman spectra (Figs. 2(b)-2(c)) further confirm 

the phase evolution observed by XRD. Notably, with increasing temperature, the Raman bands of the 

α phase within the 490–520 cm−1 range gradually broaden and shift toward higher wavenumbers, 

indicating variations in the low-intensity shoulder band at 512 cm−1 [51]. Simultaneously, the Raman-

active T2g mode of γ phase at 522 cm−1, dominated by the vibration of nitrogen ions, progressively 

intensifies, confirming the formation of γ phase [52,53]. 

In contrast, the β-pillars exhibited a distinctly different phase-transition behavior. The XRD patterns 

(Fig. 2d) and Raman spectra (Fig. 2e) of samples synthesized from β-pillars at different temperatures 

indicate that the β-to-γ phase transition initiates at 1825 °C. No γ phase was detected at 1800 °C, 

whereas Rietveld refinement at 1825 °C revealed 91.7 wt.% β phase and 8.3 wt.% γ phase (Fig. S5 in 

the ESM and Table 1). This abrupt onset of γ phase formation suggests a relatively high nucleation 

barrier, followed by rapid β-to-γ transformation once nucleation is initiated. Moreover, Raman analysis 

of the sample synthesized at 1825 °C, which contained a small amount of residual β phase, shows that 

the E1g mode at 522 cm−1 and the T2g mode at 840 cm−1 shift toward lower wavenumbers (Fig. 2(f)). 

These modes are mainly associated with vibrations of nitrogen ions and tetrahedrally coordinated Si 

atoms, and their redshift implies the introduction of defects during the phase-transition process [52–

54]. 

Ju
st

 A
cc

ep
te

d



                                                                                    

Journal of Advanced Ceramics                                              https://mc03.manuscriptcentral.com/jacer 

10 

 

Fig. 2. Phase evolution of the α- and β-pillars at different sintering temperatures under 15 GPa. (a,d) 

XRD patterns of the samples derived from α- and β-pillars, respectively. (b,e) Raman spectra of the 

corresponding samples shown in (a) and (d), respectively. (c) Enlarged region of (b) in the 490–520 

cm-1 range. (f) Enlarged regions of (e) in the 500-540 cm-1 (top) and 810-870 cm-1 (bottom) ranges for 

the samples synthesized at 1825 and 1900 °C.  

Table 1. Rietveld-refined phase fractions of all biphasic and triphasic samples shown in Fig. 2. The 

phase composition of the starting material was obtained from our previous work [31]. 

Precursor Experiment condition Phase composition 
α content 

(wt.%) 

β content  

(wt.%) 

γ content 

 (wt.%) 

Starting material  α+β 93.3 6.7  

α-pillar 15 GPa 1100 ℃ α+β+γ 86.4 6.8 6.8 

α-pillar 15 GPa 1300 ℃ α+β+γ 83.6 7.7 8.7 

Ju
st

 A
cc

ep
te

d



                                                                                    

Journal of Advanced Ceramics                                              https://mc03.manuscriptcentral.com/jacer 

11 

α-pillar 15 GPa 1500 ℃ α+β+γ 68.9 17.0 14.1 

α-pillar 15 GPa 1600 ℃ α+β+γ 42.9 37.3 19.8 

β-pillar 15 GPa 1825 ℃ β+γ  91.7 8.3 

 

Based on the above experimental results and extensive previous studies [22,31,32,55–58], HPHT 

phase diagrams for the α and β phases were constructed in Fig. 3. At pressures below 8 GPa, the α-to-

β transition occurs within the temperature range of 1500–1700 °C. To minimize the effects of sintering 

additives, grain size, and holding time, additional experiments were conducted at 5 GPa and 1500–

1900 °C (Fig. S6 in the ESM), revealing the onset of the α-to-β transformation at 1700 °C. At 15 GPa, 

the α-to-β transition temperature decreases to ~1500 °C. Together with the calculated thermodynamic 

phase diagram (Fig. S7 in the ESM), these experimental results indicate that the α/β phase boundary 

shifts toward lower temperatures with increasing pressure, demonstrating that pressure promotes the 

α-to-β transformation. When the temperature exceeds 1700 °C at pressures above 12.9 GPa, the γ phase 

becomes the only thermodynamically stable phase. As shown in Fig. 3(b), the β-to-γ phase transition 

occurs at 1825 °C under 15 GPa, substantially higher than the α-to-γ transition temperature. To further 

understand this difference, we performed SSNEB calculations to quantify the pathway-dependent 

transformation barriers for the α-to-γ and β-to-γ phase transformations. The calculated barriers are 

approximately 647 and 956 meV atom-1, respectively, at 15 GPa (Fig. S8 in the ESM). The 

substantially higher barrier for the β-to-γ pathway indicates that the β-to-γ transformation is kinetically 

more hindered under the investigated conditions, consistent with its higher transformation temperature 

compared with the α-to-γ pathway. 
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Fig. 3. Temperature–pressure phase diagram of silicon nitride. (a) α-Si3N4. (b) β-Si3N4. Gray, green, 

yellow, and purple symbols represent the α, β, γ, and triphase compositions, respectively. Different 

symbol shapes denote data from different references. All pentagrams in the diagrams represent the 

experimental conditions investigated in this work. 

3.2 Sample synthesis and microstructural characterization 

Limited by the rapid phase-transition kinetics of γ phase, a strategy involving nucleation above the 

transition barrier followed by low-temperature growth was adopted to fabricate in-situ composite 

ceramics of silicon nitride, containing a high fraction of γ phase using α- and β-pillars as precursors. 

The detailed experimental conditions were summarized in Table 2. SN-11 was synthesized from β-

pillar owing to its relatively simple phase-transition pathway. The XRD pattern and Raman spectra 

(Fig. 4) indicate that SN-11 is a β/γ biphasic composite ceramic dominated by the β phase, with 

Rietveld refinement yielding phase fractions of 63.2 wt.% β phase and 36.8 wt.% γ phase (Fig. S9(a) 

in the ESM). After careful polishing, optical microscopy images (Fig. S10(a) in the ESM) reveal that 

γ phase is uniformly distributed within the β phase matrix in the form of precipitates with sizes of 3–5 

μm. Subsequent Vickers hardness measurements on the polished surface show that the Vickers 

hardness of SN-11 (Fig. S10(b) in the ESM) slightly decreases compared with the original β-Si3N4, 

from 17.28 to 15.44 GPa (Table 2). Combined with the indentation morphology (Fig. S10(b) in the 
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ESM), this degradation is mainly attributed to the excessively large γ phase precipitates and the poor 

interfacial bonding between the β and γ phases caused by their large thermal-expansion mismatch [54]. 

Table 2. Experimental conditions, phase compositions, and mechanical properties of silicon nitride 

samples. The reported Vickers hardness and indentation fracture toughness values were obtained at an 

indentation load of 19.6 N. 

Sample Precursor Experiment condition Phase composition HV (GPa) KIC (MPa·m1/2) 

SN-11 β-pillar 
15 GPa 1850 °C 1 min 

1750 °C 10 min 
β+γ 15.44±0.85 2.56±0.13 

SN-14 α-pillar 
15 GPa 1750 °C 1 min 

1650 °C 10 min 
α+β+γ 26.34±0.61 6.02±0.48 

β-Si3N4 α-pillar 5 GPa 2000 °C 30 min β 17.28±0.26 2.71±0.24 

γ-Si3N4 α-pillar 15 GPa 1700 °C 60 min γ 32.03±0.29 3.92±0.21 

 

Subsequently, α-pillars were employed as precursors to fabricate the α/β/γ triphase in-situ composite 

ceramic (SN-14) by exploiting the temperature-dependent differences between the α-to-β and α-to-γ 

phase transformations under high pressure (experimental conditions are listed in Table 2). The two-

step synthesis was designed to regulate the relative kinetics of γ phase nucleation and β phase formation. 

Specifically, the sample was first treated at 1750 °C for 1 min, above the experimentally determined γ 

phase transformation temperature, to promote rapid γ phase nucleation while limiting prolonged high-

temperature exposure and excessive grain growth. The temperature was then lowered to 1650 °C and 

maintained for 10 min, below the temperature for rapid γ phase transformation, to slow γ phase growth 

and mitigate abrupt transformation-induced shrinkage, while allowing the α-to-β transformation to 

proceed. This sequential thermal treatment enables phase precipitation to precede subsequent 

densification while allowing the α-to-β transformation to proceed. As a result, SN-14 develops a 

refined triphase microstructure dominated by the β and γ phases (Fig. 4), with phase fractions of 21.3 
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wt.% α phase, 40.2 wt.% β phase, and 38.5 wt.% γ phase determined by Rietveld refinement (Fig. S9(b) 

in the ESM). 

 

Fig. 4. Fabrication of multiphase silicon nitride composites using α- and β-pillars as precursors. (a,b) 

XRD patterns and Raman spectra of the synthesized samples, respectively. 

To investigate the phase fractions and microstructure of SN-14, a FIB sample (Fig. S11(a) in the ESM) 

was prepared from a stress-free region. 4D-STEM orientation characterization was performed in the 

red- and blue-boxed regions of the FIB sample, yielding phase fractions of 18 wt.% α phase, 43 wt.% 

β phase, and 39 wt.% γ phase, and 22 wt.% α phase, 41 wt.% β phase, and 37 wt.% γ phase, respectively 

(Figs. 5(a)-5(b) and S11(b)-S11(c) in the ESM). The close agreement between the phase fractions 

obtained from the two regions and their good consistency with the Rietveld refinement results (Fig. 

S9(b) in the ESM) further confirm the homogeneous phase distribution throughout the SN-14 sample. 

Since both β and γ phases originate from the phase transformation of α phase, micron-sized α/γ and 

α/β biphasic grains were selected for TEM characterization. Figure 5(c) shows the morphology and 

phase distribution of an α/γ biphasic grain. Figs. 5(d)-5(f) and Figs. 5(g)-5(i) present the selected-area 

electron diffraction (SAED) patterns and atomic-resolution images along the [1-2-1] direction, 

respectively, revealing that the γ phase retains the same crystallographic orientation as the parent α 

phase during transformation. High-resolution transmission electron microscopy (HRTEM) images of 

the interfacial region (Figs. S11(d)-S11(e) in the ESM) further reveal a high density of interfacial 

defects and abundant stacking faults within the γ phase, arising from atomic migration during the phase 
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transition. Moreover, owing to the high similarity of diffraction patterns between α and γ phases along 

the [1-2-1] direction under coherent relationships (Fig. S11(f) in the ESM), the γ and α phases were 

further tilted to the [111]γ and [001]α zone axis, respectively, to confirm their phase identities (Figs. 

S11(g)-S11(h) in the ESM). Figures 5(j)-5(k) show the morphology and phase distribution of an α/β 

biphasic grain. Combined with the orientation relationships shown in Figs. 5(l)-5(o), the results suggest 

that the α-to-β phase transition under 15 GPa remains consistent with the coherent transformation 

mechanism reported under low-pressure conditions [31]. Together, these observations demonstrate 

that slowing the γ phase transformation mitigates abrupt transformation shrinkage, while the 

concurrent α-to-β transformation contributes to overall densification. Despite the presence of 

interfacial defects arising from atomic rearrangement during the phase transformation, the interfaces 

retain well-defined crystallographic relationships. Collectively, these results establish a sequential 

precipitation–densification mechanism for regulating phase evolution and interfacial structure. 
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Fig. 5. Compositional analysis and microstructural characterization of SN-14. (a) Bright-field image 

of the region outlined by the red box in the FIB sample (Fig. S11(a) in the ESM). (b) 4D-STEM 

orientation analysis results of the region shown in (a), and the values represent weight fractions. (c) 

Bright-field image of the α/γ biphasic grain. The red dashed line outlines the overall grain morphology, 

the blue dashed line indicates the phase boundary, and the red boxed region corresponds to the 

characterization areas shown in (d–i). (d–f) and (g–i) HRTEM images, SAED patterns, and atomic-

resolution images of the γ and α phases along the [1-2-1] zone axis, respectively. (j) Bright-field image 

of the α/β biphasic grain. The red dashed line outlines the overall grain morphology, and the blue 

dashed line indicates the phase boundary. (k) HRTEM image of the region outlined by the red box in 
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(j), and the blue dashed line indicates the phase boundary. (l-m) SAED pattern and atomic-resolution 

image of the α phase along the [010] zone axis acquired from the region outlined by the black dashed 

box in (k). (n-o) Fast Fourier transform (FFT) pattern and atomic-resolution image of the β phase along 

the [010] zone axis acquired from the region outlined by the green dashed box in (k). 

3.3 Mechanical properties and fracture behavior 

To evaluate the mechanical performance of SN-14, Fig. 6(a) presents the Vickers hardness as a 

function of applied load for SN-14 and the synthesized β- and γ-Si3N4 samples (experimental 

conditions are listed in Table 2). SN-14 exhibits a high Vickers hardness of 26.34 ± 0.61 GPa under a 

load of 19.6 N, demonstrating both excellent densification and effectiveness of the synthesis strategy. 

Nanoindentation measurements were subsequently performed under a load of 500 mN (Fig. S12 in the 

ESM). SN-14 exhibits a Young’s modulus of 428.63 ± 7.89 GPa and a hardness of 34.40 ± 0.72 GPa, 

whereas γ-Si3N4 exhibits a Young’s modulus of 572.84 ± 2.82 GPa and a hardness of 41.22 ± 1.04 

GPa, consistent with previous reports [32]. The mechanical properties of β-Si3N4 were adopted from 

our previous work [31]. Based on these results, the fracture toughness values were calculated and 

compared with the Vickers hardness of α-, β-, and γ-Si3N4, as well as silicon nitride composite ceramics 

in Fig. 6(b) [23–26,30–32,56,59,60]. The corresponding testing conditions and relative densities are 

summarized in Table 3. 

The introduction of γ phase, combined with the optimized sintering process, significantly improves the 

hardness of SN-14 compared with α- and β-Si3N4, while simultaneously retaining the toughening 

capability of β phase and maintaining a relatively high fracture toughness of 6.02 ± 0.48 MPa·m1/2. 

SEM observation further reveals a homogeneous microstructure, in which the gray γ phase and bright 

β phase (containing a small amount of α phase) are uniformly interwoven throughout the sample (Figs. 

6(c)-6(e)). The fracture behavior is dominated by intergranular fracture, accompanied by continuous 

crack deflection, resulting in an overall zig-zag crack propagation path (Fig. 6(c)). Continuous crack 

arrest and reinitiation are observed at crack tips (Fig. 6(d)), indicating effective crack-shielding 
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capability. In regions of higher stress concentration, β grains with larger aspect ratios form robust crack 

bridges accompanied by crack branching, while pronounced crack arrest and reinitiation remain 

evident at the branch tips (Fig. 6(e)). These mechanisms collectively contribute to the enhanced 

fracture toughness of SN-14. Meanwhile, the γ phase serves as the primary high-hardness constituent, 

and its high hardness can be effectively exploited through the crystallographically well-bonded 

interfaces established by the sequential precipitation–densification mechanism. The resulting dense 

and well-bonded triphase microstructure enables the hard γ phase and toughening β phase to function 

synergistically, thereby achieving a favorable balance between hardness and fracture toughness.  

 

Fig. 6. Mechanical properties and fracture behavior of silicon nitride samples. (a) Vickers hardness of 

SN-14 and synthesized β- and γ-Si3N4 under different applied loads. (b) Comparison of Vickers 

hardness and fracture toughness among α-, β-, γ-Si3N4 and silicon nitride composite ceramics. All 

purple symbols represent samples synthesized in this work with the corresponding compositions. The 

inset (upper right) shows a representative indentation image of SN-14 under a load of 19.6 N. (c–e) 
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Representative crack propagation morphologies in SN-14, including crack deflection (c), crack arrest 

and reinitiation (d), and crack branching and bridging (e). 

Table 3. Vickers hardness and fracture toughness of various silicon nitride ceramics. The values in 

parentheses following the Vickers hardness data indicate the corresponding indentation loads. For 

fracture toughness, “SENB” denotes the single-edge notched beam method, whereas numerical values 

indicate the indentation loads used for the Vickers indentation fracture (VIF) method. 

Samples Vicker hardness (GPa) KIC (MPa·m
1/2

) Relative density (%) Reference 

α-Si3N4 

21.5±0.6 (4.9N) 3.5±0.2 (SENB) 98.7 23 

21.3±0.3 (49N) 4.4±0.2 (49N) >99 24 

21.49±0.48 (98N) 3.36±0.62 (98N) 98.96 26 

α/β-Si3N4 

20.4±0.6 (4.9N) 7.7±0.6 (SENB) 98.3 23 

21.3±0.5 (49N) 6.3±0.3 (49N) >99 24 

18 (98N) 6 (98N) >98 30 

20.93±0.7 (49N) 7.3±0.35 (49N) 97.63 31 

19 (19.6N) 7 (19.6N) >99 59 

17.4±0.4 (19.6N) 5.1±0.3 (19.6N) 98 60 

β-Si3N4 

16.5 (98N) 7.2 (98N) 96.7 25 

16.8±0.2 (98N) 7.61±0.42 (98N) 98.93 26 

19.9±0.7 (9.8N) 4.1±0.3 (9.8N) 97.1 56 

18.9±0.5 (9.8N) 2.6±0.3 (9.8N) 96.5 56 

γ-Si3N4 34.9±0.7 (9.8N) 3.5±0.2 (9.8N) ~100 32 

α/β/γ-Si3N4 26.34±0.61 (19.6N) 6.02±0.48 (19.6N) 98.4 

This work β-Si3N4 17.28±0.26 (19.6N) 2.71±0.24 (19.6N) 99.5 

γ-Si3N4 32.03±0.29 (19.6N) 3.92±0.21 (19.6N) 99.2 

 

4. Conclusions 

In this work, the HPHT phase diagram of silicon nitride was systematically refined, revealing distinct 

α-to-γ and β-to-γ phase-transition pathways under high pressure. By exploiting the difference in their 

transition temperatures, a sequential precipitation–densification strategy was developed to construct a 
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homogeneous triphase in-situ composite ceramic (SN-14), with phase fractions of 21.3 wt.% α phase, 

40.2 wt.% β phase, and 38.5 wt.% γ phase. SN-14 achieved a Vickers hardness of 26.34 ± 0.61 GPa 

and a fracture toughness of 6.02 ± 0.48 MPa·m1/2, demonstrating simultaneous enhancement of 

hardness and fracture toughness. More broadly, for ceramics with multiple polymorphs and accessible 

phase-transition pathways, controlling the transformation sequence and conditions may provide a 

general route to tailor phase composition, grain structures, and interfacial characteristics for targeted 

optimization of mechanical properties. 
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