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Abstract 

Textured h-BN matrix composite ceramics were prepared by hot-pressing using 

different contents of 3Y2O3-5Al2O3 (mole ratio of 3:5) as the liquid phase sintering 

additive. During the hot-pressing process, the liquid Y3Al5O12 (YAG) phase with 

good wettability to h-BN grains was in situ formed through the reaction between 

Y2O3 and Al2O3, and a coherent relationship between h-BN and YAG was observed 

with [010]h-BN // [1̅11]YAG and (002)h-BN // (321)YAG. Plate-like h-BN grains in the 

YAG liquid phase environment were rotated under the action of the uniaxial sintering 

pressure, making their basal surfaces preferentially arranged perpendicular to the 

sintering pressure, forming textured microstructures with the c-axis of h-BN grains 

oriented parallel to the sintering pressure, which give these composite ceramics 

anisotropy in their mechanical and thermal properties. The highest texture degree was 
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found in the specimen with 30 wt.% YAG content, which also possesses the most 

anisotropic thermal conductivity. The aggregation of YAG phase resulting in the 

buckling of h-BN plates was observed in the specimen with 40 wt.% YAG content, 

which significantly reduced its texture degree. 

Key words: 

Hexagonal boron nitride; Liquid phase sintering; Texture; Anisotropy. 

1. Introduction 

Hexagonal boron nitride (h-BN) has a layered structure similar to that of graphite, 

where B and N atoms are combined by covalent bonds with sp2 hybridization in the 

same layer, while different layers are combined by van der Waals forces [1-3]. Due to 

its unique crystal structure, the single h-BN crystal shows anisotropy in the physical 

properties. Its elastic moduli along the a, b-axis and the c-axis were calculated to be 

837.99 GPa and 33.40 GPa, respectively [4, 5], giving textured h-BN ceramics 

anisotropic mechanical properties [6]. Its theoretical thermal conductivity parallel and 

perpendicular to the c-axis was calculated to be 4.1 W/(m·K) and 537 W/(m·K), 

respectively [7], coupled with its insulating property [8], making h-BN matrix 

composites promising thermal management devices in electronics [9-14]. 

The strong sp2 covalent bonds combining B and N atoms result in a very low 

atomic diffusion rate even at high sintering temperatures, which makes h-BN 

ceramics hard to be densified during sintering [15, 16]. Introducing sintering additives 

composed of two or more oxides, such as Y2O3-Al2O3, Y2O3-SiO2, Yb2O3-MgO, 
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Yb-Si-Al(N)-O, La-Al-Si-O, etc. [17-23], has been widely proven to be an effective 

method to improve the sinterability of h-BN ceramics as these oxides can form liquid 

phases at high sintering temperatures and fill these pores between plate-like h-BN 

grains with the "house of cards" structure. 

Compared with plate-like h-BN powders having large grain sizes, fine h-BN 

powders with more defects are more easily to be densified due to their high surface 

energy and defect energy [24, 25]. However, the final gain size of h-BN ceramics 

prepared using fine h-BN powders is limited even with liquid phase sintering 

additives [26-28], thus h-BN ceramics with a significant texture cannot be obtained. 

Plate-like h-BN powders with larger grain sizes and liquid phase sintering additives 

are still necessary for the fabrication of textured h-BN matrix composite ceramics 

with significant anisotropy. 

In our previous work, the textured h-BN matrix composite specimen with an 

index of orientation preference (IOP) of -530 was prepared by hot-pressing using 20 

wt.% 3Y2O3-5Al2O3 with a mole ratio of 3:5 as the sintering additive, which can 

transform into YAG phase showing good wettability to h-BN grains [19]. In this 

paper, Different contents (10 wt.%, 20 wt.%, 30 wt.% and 40 wt.%) of 3Y2O3-5Al2O3 

were used to prepare h-BN matrix composite ceramics by hot-pressing to investigate 

the influence of YAG contents on the texture and anisotropy in the mechanical and 

thermal properties of the composite ceramics. 

2. Materials and methods 

The raw materials were h-BN powders with a platelike morphology (~15 μm in 
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diameter and ~0.3 μm in thickness, purity > 99%), α-Al2O3 powders (~0.2 μm, purity > 

99.9%) and Y2O3 powders (~2 μm, purity > 99.9%). 3Y2O3-5Al2O3 (mole ratio of 3:5) 

were used as the sintering additive. The mass ratios of h-BN to the sintering additive 

were 9:1, 8:2, 7:3 and 6:4, respectively. Raw powders were mixed using Al2O3 balls 

in ethanol on a pot-mill machine with a rotation speed of 80 rpm for 24 h and then 

dried on a hot plate set at 70 °C. Mixed powders were loaded into a Ф50 mm 

cylindrical graphite die and hot-pressed at 1900 C under a uniaxial pressure of 30 

MPa in N2 atmosphere for 1 h. The hot-pressed h-BN matrix composite ceramics with 

10 wt.%, 20 wt.%, 30 wt.% and 40 wt.% YAG contents (it will be proven in part 3.1 

that Y2O3 and Al2O3 fully reacted during hot-pressing, forming YAG with a cubic 

crystal structure) were marked as BN-1YAG, BN-2YAG, BN-3YAG and BN-4YAG, 

respectively. 

Bulk densities of the hot-pressed specimens were measured by Archimedes 

method. The phase compositions and crystallographic orientation of the specimens 

were analyzed by X-ray diffraction (XRD; X′PERT, Panalytical, Netherlands). 

Further analysis on phases and interface microstructure were realized by transmission 

electron microscopy (TEM; Tecnai G2 F30, FEI, USA). Mechanical properties were 

measured along three different loading directions by the electronic universal testing 

machine (Model 5569, Instron, USA): flexural strength was tested on 3 mm × 4 mm × 

36 mm sample bars by three-point bending with a span of 30 mm and a crosshead 

speed of 0.5 mm/min; elastic moduli were tested using strain gauges stuck on the 

tensile surfaces of the strength sample bars; fracture toughness was tested on 2 mm × 



5 

 

4 mm × 20 mm single-edge-notched beams with a span of 16 mm and a crosshead 

speed of 0.05 mm/min. Fracture morphologies were observed using scanning electron 

microscopy (SEM; Quanta 200 FEG, FEI, USA). Thermal expansion coefficients 

were measured on 5 mm × 5 mm × 25 mm bars using thermal expansion instrument 

(DTL 402C, Netzsch, Germany). Specific heat capacity and thermal diffusivity were 

measured on  12.7 mm × 2~3 mm discs by laser flash method (LFA 427, Netzsch, 

Germany) and thermal conductivity was calculated from them. 

3. Results and discussion 

3.1. Phase compositions, texture and interface microstructure 

Fig. 1 shows the XRD patterns measured on both top surfaces (TS) perpendicular 

to the sintering pressure and side surfaces (SS) parallel to the sintering pressure of 

these h-BN matrix composite ceramics hot-pressed using different contents of the 

3Y2O3-5Al2O3 additive. All the four specimens are composed of two phases: h-BN 

and YAG, indicating that Y2O3 and Al2O3 have reacted sufficiently with the molar 

ratio of 3:5. They all show a significantly higher h-BN(002) diffraction peak for TS 

than that for SS and a higher h-BN(100) diffraction peak for SS than that for TS, 

indicating that all specimens possess textured microstructures with the c-axis of h-BN 

grains preferentially arranged parallel to the sintering pressure, which were attributed 

to the rotation of plate-like h-BN grains under the action of the uniaxial sintering 

pressure in the YAG liquid phase environment. 

Fig. 2 gives the relative densities, indexes of orientation preference (IOP) and 

Lotgering orientation factors f00l of the hot-pressed h-BN matrix composite ceramics 
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with different YAG contents. The relative density increases with the increase of the 

YAG content and reach the highest for BN-4YAG (92.36%), as the liquid YAG phase 

acted as a gap filler in the "house of cards" structure formed by plate-like h-BN grains 

during hot-pressing. 

 
Fig. 1. XRD patterns for TS and SS of the hot-pressed h-BN matrix composite 

ceramics with different YAG contents: (a) 10 wt.%; (b) 20 wt.%; (c) 30 wt.%; (d) 40 

wt.%. 

 
Fig. 2. Relative densities, IOP and f00l of the hot-pressed h-BN matrix composite 

ceramics with different YAG contents. 
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IOP and f00 are used to quantitively characterize the texture degree of h-BN 

matrix composite ceramics. IOP can be calculated by Eq. (1) [29]: 

 𝐼𝑂𝑃 = {  
  (𝐼100/𝐼002)TS(𝐼100′ /𝐼002′ )SS , When (𝐼100/𝐼002)TS > (𝐼100′ /𝐼002′ )SS− (𝐼100′ /𝐼002′ )SS(𝐼100/𝐼002)TS , When (𝐼100/𝐼002)TS < (𝐼100′ /𝐼002′ )SS 

 (1) 

where 𝐼ℎ𝑘𝑙 and 𝐼ℎ𝑘𝑙′  are the intensities of (hkl) diffraction peaks for TS and SS, 

respectively. For a hot-pressed h-BN matrix composite specimen, IOP = ±1 indicates 

that it consists of randomly oriented h-BN grains; IOP < -1 and IOP > 1 indicate that 

its h-BN grains are preferentially oriented with the c-axis parallel and perpendicular to 

the uniaxial sintering pressure, respectively. In this paper, a negative IOP with a 

larger absolute value indicates a higher texture degree. 

f00l can be calculated according to Eqs. (2, 3) [30]: 

 𝑓00𝑙 = 𝑃 − 𝑃01 − 𝑃0   (2) 

 𝑃 𝑎𝑛𝑑 𝑃0 = ∑𝐼00𝑙∑ 𝐼ℎ𝑘𝑙  (3) 

where ∑ 𝐼00𝑙 and ∑𝐼ℎ𝑘𝑙 are the sums of the diffraction peak intensities of all 

(00l) and (hkl) planes, respectively; P was calculated from the measured XRD 

patterns for TS, on which (00l) planes are preferentially oriented, of the hot-pressed 

specimens, while P0 was calculated from the standard JCPDS card (PDF#34-0421) of 

h-BN. P is always lower than 1, thus f00l is always lower than 1. A higher f00l closer to 

1 indicates more (00l) planes on TS. 

With the increase of the YAG content in the hot-pressed h-BN matrix composite 

ceramics, the absolute values of IOP and f00l both increase first and then decrease 

dramatically, and reach the highest for BN-3YAG (IOP = -1778; f00l = 0.99), which 
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means that BN-3YAG has the highest texture degree. 

Fig. 3 displays the bright field images and selected area electron diffraction 

(SAED) patterns for SS of BN-3YAG and BN-4YAG. These plate-like h-BN grains 

are well oriented with their (002) planes perpendicular to SS for BN-3YAG, which is 

confirmed by the diffraction pattern of area A in Fig. 3(a). The diffraction pattern of 

area B shows a secondary diffraction pattern caused by h-BN below the YAG area, 

and there are a row of diffraction spots deviating from the marked (002) spots, which 

could be caused by the orientation deviation of adjacent h-BN grains. The 

arrangement of h-BN grains in BN-4YAG is not as orderly as that in BN-3YAG, 

which is demonstrated by the existence of both (11̅0) planes (area A in Fig. 3(b)) and 

(002) planes (area B in Fig. 3(b)) of h-BN grains. The aggregation of liquid YAG 

phase (area C in Fig. 3(b)) caused the buckling of plate-like h-BN grains, which 

significantly reduced the texture degree of BN-4YAG. 
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Fig. 3. The bright field images and SAED patterns for SS of (a) BN-3YAG and (b) 

BN-4YAG, respectively. 

Fig. 4 shows the HRTEM image, FFT pattens and IFFT images around the 

interface between h-BN and YAG in BN-3YAG. Areas 1~4 are h-BN, the interface 

between h-BN and YAG, YAG and the h-BN area infiltrated by YAG, respectively. 

Stacking fault was observed in h-BN (Fig. 4(b)), which has been proved to commonly 

exist due to the "multi-area co-growth" of h-BN grains in our previous work [26]. 
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Fig. 4. The HRTEM image, FFT pattens and IFFT images around the interface 

between h-BN and YAG in BN-3YAG: (a) HRTEM images and FFT patterns 

corresponding to areas 1~4; (b~e) IFFT images corresponding to areas 1~4 in (a). 

The IFFT image of area 2 displays the coherent interface between h-BN and 

YAG (Fig. 4(c)), where the (002) and (100) planes of h-BN are parallel to the (321) 

and (14̅5) planes of YAG, respectively. The IFFT image of area 3 displays the 

crystal structure of YAG observed from the [1̅11] direction (Fig. 4(d)), where the 

hexagons composed of Al and Y atoms are easily distinguished, while the secondary 

diffraction pattern in the FFT pattern of area 3 confirms the existence of h-BN below 

the well-crystallized YAG. The FFT pattern and IFFT image of area 4, where the 

YAG phase infiltrates into the h-BN grain from multiple directions, further 
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demonstrate the good wettability of YAG to h-BN grains (Fig. 4(e)). 

Fig. 5(a) shows the schematic diagrams of the fracture modes and the fracture 

morphologies along different loading directions (D1, D2 and D3) of the hot-pressed 

h-BN matrix composite ceramics with different YAG contents. For D1, the long axis 

of the sample bar is perpendicular to the h-BN layers (parallel to the c-axis orientation) 

and the loading direction is parallel to the h-BN layers, resulting in a relative flat 

fracture surface. For D2, the long axis of the sample bar is parallel to the h-BN layers 

and the loading direction is perpendicular to the h-BN layers, resulting in a tortuous 

crack propagation path. For D3, the long axis of the sample bar is parallel to the h-BN 

layers and the loading direction is also parallel to the h-BN layers, generating a 

tortuous initial crack and a fracture morphology similar to that along D2. 

The fracture morphologies of BN-3YAG show the most significant texture (Fig. 

5(h~j)), which is in consistent with the XRD results. For BN-1YAG, the side of the 

(002) plane of h-BN was observed on the fracture morphology along D1, and the (002) 

plane of h-BN was observed on the fracture morphology along D2 and D3. For 

BN-4YAG, many buckling behaviors of h-BN plates were observed (Fig. 5(k~m)), 

which have been proved to be caused by the aggregation of liquid YAG phase (Fig. 

3(b)) and significantly reduced its texture degree. 
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Fig. 5. Schematic diagrams of the fracture modes and fracture morphologies of the 

hot-pressed h-BN matrix composite ceramics with different YAG contents: (a) 

Schematic diagrams of the fracture modes along D1, D2 and D3; (b~d), (e~g), (h~j) 

and (k~m) Fracture morphologies along D1, D2, D3 of BN-1YAG, BN-2YAG, 

BN-3YAG and BN-4YAG, respectively. 

3.2. Anisotropic properties 

Fig. 6 gives the mechanical properties of the hot-pressed h-BN matrix composite 

ceramics with different YAG contents. The work of fracture (γWOF) was calculated 

from the load-displacement curves during the fracture toughness testing according to 

Eq. (4) [31]: 

 𝛾WOF = ∫𝐹𝑑𝛿2𝐴   (4) 

where ∫𝐹𝑑𝛿 is the total fracture energy during the fracture toughness testing 

and was determined as the area under the load-displacement curves; A is the 
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cross-sectional area of the unnotched part of the single-edge-notched beams. 

 

Fig. 6. Mechanical properties of the hot-pressed h-BN matrix composite ceramics 

with different YAG contents: (a) Elastic moduli; (b) Flexural strength; (c) Fracture 

toughness; (d) Work of fracture; (e) Load-displacement curves along D1, D2 and D3 

of BN-3YAG; (f) Load-displacement curves along D2 of the specimens with different 

YAG contents. 

As the sp2 covalent bonds combining B and N atoms in the same layer are much 

stronger than the van der Waals forces between different layers, the mechanical 

properties along D1 of these hot-pressed h-BN matrix composite ceramics are much 

lower than that along D2 and D3. The elastic moduli, flexural strength and fracture 

toughness along D3 of these specimens with different YAG contents are all a little 
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higher than that along D2, which could be attributed to that the crack initiation along 

D2 only needs to break the sp2 covalent bonds combining B and N atoms, while the 

crack initiation along D3 needs to break both the sp2 covalent bonds combining B and 

N atoms and the van der Waals forces between different layers. 

The elastic moduli increase with the increase of the YAG content along D2 and 

D3 even for BN-4YAG whose texture degree was dramatically reduced, which is 

attributed to the high isotropic elastic moduli (~300 GPa) of polycrystalline YAG 

ceramics with a cubic crystal structure [32]. While the elastic modulus along D1 of 

BN-3YAG is lower than that of BN-2YAG due to its higher texture degree. Flexural 

strength and fracture toughness show similar trends. Therefore, both the orientation of 

h-BN grains (texture degree) and the properties of YAG phase contribute to the 

mechanical properties of the hot-pressed h-BN matrix composite ceramics. 

For h-BN matrix composite ceramics with relatively lower texture degrees 

(BN-1YAG, BN-2YAG and BN-4YAG), the work of fracture along D2 is lower than 

that along D3, which is in consistent with the fracture toughness. However, for 

BN-3YAG, its work of fracture along D2 (155.7 ± 5.1 J/m
2
) is much higher than that 

along D3 (94.5 ± 4.5 J/m
2
) despite its lower fracture toughness along D2 than that 

along D3, which owes to its high texture degree and more tortuous crack propagation 

path along D2. Fig. 6(e) shows the load-displacement curves along D1, D2 and D3 of 

BN-3YAG during the fracture toughness testing. The highest load along D3 is higher 

than that along D2, leading to the higher fracture toughness along D3 than that along 

D2. BN-3YAG behaved a non-catastrophic fracture mode along D2 due to the 
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orientation of plate-like h-BN grains, which resulted in the step-by-step decrease of 

load with the increase of displacement during the tortuous crack propagation. Such a 

non-catastrophic fracture mode was also observed in the load-displacement curves 

along D2 of other specimens (Fig. 6(f)). Fig. 7 shows the lateral fracture 

morphologies along D2 of the hot-pressed h-BN matrix composite ceramics with 

different YAG contents, where crack deflection phenomena correspond to the 

step-by-step decrease of load with the increase of displacement during crack 

propagation. Different from BN-3YAG, the texture degrees of other specimens are 

not that high to induce crack propagation paths tortuous enough which can give them 

higher work of fracture along D2 than that along D3. 

Fig. 8 shows the linear thermal expansion curves and coefficients of thermal 

expansion (CTE) measured parallel and perpendicular to the c-axis orientation of the 

hot-pressed h-BN matrix composite ceramics with different YAG contents. It has 

been calculated that the CTE of YAG at room temperature is around 7 × 10
-6

/K [33], 

and that perpendicular to the c-axis of h-BN is -2.72 × 10
-6

/K at room temperature and 

approaches zero at high temperatures, while that parallel to the c-axis of h-BN is 37.7 

× 10
-6

/K at room temperature and tends to be invariable at high temperatures [34]. 

The contribution of YAG makes the anisotropy degrees in the thermal expansion of 

the composite ceramics not totally consistent with their texture degrees. Although 

BN-2YAG has a higher texture degree than BN-1YAG, the anisotropy degree of CTE 

of BN-2YAG is lower than that of BN-1YAG, which is caused by the higher CTE of 

YAG than that perpendicular to the c-axis of h-BN. 
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Fig. 7. Lateral fracture morphologies along D2 of (a) BN-1YAG, (b) BN-2YAG, (c) 

BN-3YAG and (d) BN-4YAG, respectively. 

 

Fig. 8. (a) Linear thermal expansion curves and (b) CTE measured parallel and 

perpendicular to the c-axis orientation of the hot-pressed h-BN matrix composite 

ceramics with different YAG contents. 

Fig. 9 gives the thermal diffusivity and thermal conductivity (25~1200 °C) 
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parallel and perpendicular to the c-axis orientation of the hot-pressed h-BN matrix 

composite ceramics with different YAG contents and their anisotropy degrees in 

thermal conductivity, which were determined by the ratio of the thermal conductivity 

perpendicular to the c-axis orientation to that parallel to the c-axis orientation. 

All specimens have higher thermal conductivity perpendicular to the c-axis 

orientation than that parallel to the c-axis orientation due to the anisotropic thermal 

conductivity of h-BN [7]. BN-3YAG has the highest thermal diffusivity (82.4 mm
2
/s 

at 25 °C) and thermal conductivity (163.2 W/(m·K) at 25 °C) perpendicular to the 

c-axis orientation due to its highest texture degree, which are 11.1 times of that (7.4 

mm
2
/s and 14.7 W/(m·K)) parallel to the c-axis orientation at room temperature. 

Although having the highest texture degree, BN-3YAG has higher thermal 

conductivity parallel to the c-axis orientation than BN-2YAG (11.7 W/(m·K) at 

25 °C), which is attributed to its higher relative density. 

The thermal diffusivity and thermal conductivity decrease and the decrease rate 

gets slower with increasing the testing temperature (Fig. 9(a, b)), especially for the 

direction parallel to the c-axis orientation of these composite ceramics, which is 

caused by the influence of temperature on the mean free path of phonons. As the 

thermal conduction in h-BN is achieved by phonon transport, the thermal conductivity 

of h-BN matrix composite ceramics can be evaluated by Eq. (5) [35. 36]: 

 𝑘 =  13𝐶𝑝𝑣𝑙  (5) 

where k is the thermal conductivity by phonon transport, Cp is the specific heat 

capacity of the materials which increase with increasing the temperature, v is the 
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velocity of phonons which is influenced by the grain orientation and l is the mean free 

path of phonons which is influenced by both the temperature and grain size. 

 

Fig. 9. (a) Thermal diffusivity and (b) thermal conductivity parallel and perpendicular 

to the c-axis orientation and (c) the anisotropy degrees in thermal conductivity of the 

hot-pressed h-BN matrix composite ceramics with different YAG contents. 

With increasing the testing temperature from the room temperature, the number 
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of phonons increases dramatically, which causes more scattering between phonons 

and phonons, leading to the decrease of l. Further increase of the temperature 

diminishes l to be closer to the lattice spacing, thus the adverse effect of temperature 

on the thermal conductivity decreases. For the thermal conduction parallel to the 

c-axis orientation, the grain size (the thickness of plate-like h-BN grains) is very small, 

thus there exist many phonon scattering phenomena caused by grain boundaries, that 

is, many phonons get scattered by grain boundaries before encountering other 

phonons. Therefore, the decrease rate of the thermal diffusivity and thermal 

conductivity parallel to the c-axis orientation is slower than that perpendicular to the 

c-axis orientation, which also leads to the decrease of the anisotropy degree in the 

thermal diffusivity and thermal conductivity with increasing the temperature, 

especially for BN-3YAG having the highest texture degree (Fig. 9(c)). 

Conclusion 

Textured h-BN matrix composite ceramics with in situ formed YAG were 

fabricated by hot-pressing using 3Y2O3-5Al2O3 (mole ratio of 3:5) as the liquid phase 

sintering additive. The YAG phase was observed to have good wettability to h-BN 

grains, and a coherent relationship between h-BN and YAG was observed with 

[010]h-BN // [1̅11]YAG and (002)h-BN // (321)YAG. The influence of YAG contents on 

the texture and anisotropy of the composite ceramics were investigated. The rotation 

of plate-like h-BN grains under the action of the uniaxial pressure in the liquid YAG 

phase during hot-pressing led to textured microstructures with the c-axis of h-BN 

grains oriented parallel to the sintering pressure, which give these composite ceramics 
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anisotropy in the mechanical and thermal properties. These textured h-BN matrix 

composite ceramics behaved a non-catastrophic fracture mode when the crack 

propagates through h-BN layers, among which the specimen with 30 wt.% YAG 

content has the highest work of fracture (155.7 ± 5.1 J/m
2
) due to its highest texture 

degree. Further increase of the YAG content (40 wt.%) resulted in the aggregation of 

liquid YAG phase which caused the buckling of h-BN plates and significantly 

reduced the texture degree. The specimen with 30 wt.% YAG content also has the 

most anisotropic thermal diffusivity and thermal conductivity (7.4 mm
2
/s and 82.4 

mm
2
/s, 14.7 W/(m·K) and 163.2 W/(m·K) parallel and perpendicular to the c-axis 

orientation at 25 °C, respectively), making it a promising candidate as thermal 

management devices in electronics. 
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