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Abstract: Aluminum oxide (Al,O;) ceramics have been widely utilized as circuit substrates owing to their exceptional
performance. In this study, boron nitride microribbon (BNMR)/AI,O; composite ceramics are prepared using spark plasma
sintering (SPS). This study examines the effect of varying the amount of toughened phase BNMR on the density,
mechanical properties, dielectric constant, and thermal conductivity of BNMR/AI,O; composite ceramics while also
exploring the mechanisms behind the toughening and increased thermal conductivity of the fabricated ceramics. The results
showed that for a BNMR content of 5 wt%, BNMR/AI,O; composite ceramics displayed more enhanced characteristics than
pure AlL,O; ceramics. In particular, the relative density, hardness, fracture toughness, and bending strength were
99.95%+0.025%, 34.11+1.5 GPa, 5.42+0.21 MPa-m'?, and 375+2.5 MPa, respectively. These values represent increases of
0.76%, 70%, 35%, and 25%, respectively, compared with the corresponding values for pure Al,O; ceramics. Furthermore,
during the SPS process, BNMRs are subjected to high temperatures and pressures, resulting in the bending and
deformation of the Al,O; matrix; this leads to the formation of special thermal pathways within it. The dielectric constant of
the composite ceramics decreased by 25.6%, whereas the thermal conductivity increased by 45.6% compared with that of
the pure Al,O5 ceramics. The results of this study provide valuable insights into ways of enhancing the performance of Al,O5-
based ceramic substrates by incorporating novel BNMRs as a second phase. These improvements are significant for
potential applications in circuit substrates and related fields that require high-performance materials with improved
mechanical properties and thermal conductivities.

Keywords: boron nitride microribbons/aluminum oxide (BNMRs/Al,O3;) composite ceramics; boron nitride microribbon
(BNMR); spark plasma sintering (SPS); strengthening and toughening; thermal conductivity

temperatures and difficulty in sintering and densification [4]. As
the most common conductive ceramic substrate, aluminum oxide
(ALO;) has the advantages of high-temperature resistance,
corrosion resistance, good chemical stability, wear resistance, and
low density; further, there is a wide range of raw material sources
at low prices. However, there are also certain problems in the
development and use of alumina ceramic thermally conductive
substrates [5-7]. Firstly, There remains considerable scope for
improvement in the mechanical properties of alumina ceramics,
particularly in terms of their hardness, fracture toughness, and

1 Introduction

With the continuous development of science and technology in
the 21st century, microelectronic technology has moved toward
miniaturization, lightness, and greater integration. The high
complexity of integrated devices has made heat accumulation
increasingly critical and has resulted in higher heat dissipation
requirements for substrates and packaging materials [1].
Thermally conductive ceramic substrates are primarily used to
solve the problem of heat dissipation in electronic devices.

Common thermally conductive ceramic substrates are alumina
ceramics, beryllium oxide ceramics, aluminum nitride ceramics,
and silicon nitride ceramics [2,3]. Among these, beryllium oxide is
known to produce toxic substances. In addition, aluminum nitride
and silicon nitride have problems such as high sintering
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strength. Secondly, the thermal conductivity of alumina ceramics
cannot meet the heat dissipation requirements of modern new-
generation electronic devices. Thirdly, their ion bonds are strong,
resulting in a low particle-diffusion coefficient and relatively harsh
sintering conditions. These problems have thus limited the
development of alumina ceramics for application in precision
mechanical functional ceramics.

Considering the problems associated with the mechanical
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properties of alumina ceramics, composite materials have been
used to design and prepare multiphase ceramics to solve the
strengthening and toughening problems of alumina ceramics [8].
Toughening methods for alumina ceramics mainly include
particle and whisker toughening. Particle toughening involves the
addition of second-phase particle materials to alumina-based
ceramics to improve their toughness. The main mechanisms of
whisker toughening in alumina ceramics are crack deflection, fiber
bridging, and the pull-out effect. Chen et al. [9] added 0.2 wt%
graphene nanosheets (GNSs) using hot-pressing technology and
the mechanism of whisker toughening. The composite ceramics
had the highest K¢ at 1500 C, reaching 6.6 MPa-m', which was
approximately 43.5% higher than that of the blank sample.
Wang et al. [10,11] used boron nitride nanotubes (BNNTs) as the
reinforcing phase and a-AlLOj as the starting materials to prepare
BNNT's/ALO; composites by hot pressing sintering. The addition
of sodium dodecyl sulfate (SDS) as a dispersant improved the
dispersion of BNNTs. They found that a small amount of
chemical reaction between BNNTs and Al,O; could also improve
the interfacial bonding. The relative densities of samples
containing 1.5 wt% BNNTs reached 98.0%. However, the high-
pressure technique and long sintering cycle (6 h) promoted the
continuous growth of grains, which is not conducive to obtaining
dense alumina ceramics.

With respect to the thermal conductivity problem of alumina
ceramics, the principle of improving the thermal conductivity of
ceramics involved increasing the mean free path of phonons. The
greater the number of defects, impurities, and grain boundaries in
the crystal, the stronger the scattering of elastic waves. This results
in a smaller free path of phonons and, consequently, a lower
thermal conductivity of the ceramics [12—15]. Three methods can
be used to improve the thermal conductivity of ALO; ceramics:
(1) the removal of excess impurities from ceramics; (2) increasing
the relative density of the ceramics to reduce the number of pores
in the matrix, which in turn will affect the scattering of phonons;
(3) addition of a second phase in ALO;-based ceramics, which
could show better thermal conductivity when the two phases are
isolated from each other. Hexagonal boron nitride (h-BN)
displays excellent thermal conductivity (the theoretical thermal
conductivity is approximately 300 W/(m-K)). Hence, it is usually
added to ceramics as a common thermally conductive second
phase to improve the thermal conductivity of multiphase
ceramics. For example, Liu ef al. [16] added 20 wt% h-BN as the
additive phase and 5 wt% Y,0; as the sintering aid. Through hot
press sintering, when the sintering temperature reached 1900 C,
the thermal conductivity of the AIN/BN composite ceramics was
98.3 W/(m:K). Kim et al. [5] added a small amount of 0.3 wt%
BNNTSs to yttria-stabilized zirconia-toughened alumina (YZTA)
ceramics. The thermal conductivity of the resulting composite
ceramics ranged from 20.7 to 21.4 W/(m:K). The thermal
conductivity of YZTA-BNNT composite ceramics depended
on the amount of BNNT added. Therefore, h-BN has good
potential for application to increase the thermal conductivity of
ceramics [17-24].

Hence, h-BN/AL,O; composite ceramics show good potential
for application in thermally conductive ceramic substrates.
However, h-BN/ALO; composite ceramics also have some
limitations. First, most of the toughening phases are BNNTs,
which are nanotubes with relatively large lengths and diameters.
They do not easily or uniformly disperse in the alumina powders,
and dispersants are often used. Second, the raw materials mostly
used are submicron or nanometer alumina powders, which are
expensive.
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To address the challenges related to BN/ALO; thermally
conductive composite ceramic substrates, our group aimed to use
novel boron nitride microribbons (BNMRs) as the second phase.
The morphology of a material influences its intrinsic physical and
chemical properties. For example, one-dimensional (1D) boron
nitride micron materials as an additive phase contribute more to
the toughness of the composite, which has the characteristics of
high tensile strength and elastic modulus, large Young’s modulus,
good insulation, low dielectric constant, high-temperature
resistance, good thermal conductivity, and good chemical
properties [25-30]. Unidimensional boron nitride (BN) materials
have a faster phonon transport capability per unit space, which
can significantly improve the thermal conductivity of composites.
The characteristics of boron nitride 1D micron materials can be
harnessed, and appropriate sintering methods can be adopted to
enhance their mechanical properties while enhancing the thermal
conductivity of the composite materials. Therefore, the
preparation of high-thermal-conductivity BN/ALO; composite
ceramics with excellent mechanical properties is feasible. This
study provides new ideas for the development of ALO;-based
thermally conductive composite ceramic substrates with
important research significance.

In this study, novel homemade BNMRs were used as the
toughened phase to prepare BNMR/ALO; high-performance
composite ceramics by spark plasma sintering (SPS). BNMRs
exhibit micron-scale diameters, suitable aspect ratios, and have an
excellent toughening effect. The effects of the BNMR content on
the phase, microstructure, and mechanical, thermal, and electrical
properties values of BNMR/ALO; composite ceramics were
investigated. The toughening mechanism and thermal
conductivity of BNMR/ALO; composite ceramics were also
discussed.

2 Experimental

2.1 Preparation of BNMRs

BNMRs are homemade 1D h-BN strip solid materials with a
width of 1-2 um (Fig. 1). The precursors were prepared from zinc
borate (B,H;30xZn,) via a hydrothermal reaction [31]. An
appropriate amount of precursor was obtained and placed in a
tube furnace. The tube furnace was evacuated and charged with
NH;. Next, the temperature was increased to 1150 ‘C and
maintained for 5 h to obtain BNMRs [32].

2.2 Pretreatment of mixed raw materials

Commercial grade AL O, powders (99.99%) with a particle size of
3-4 pm were used. ALO; was put into a muffle furnace (KSL-
1700X, Hefei Kejing Material Technology Co., Ltd., China),
heated to 1200 C for 2 h, and then cooled naturally to obtain
ALO; powders. The purpose of the pretreatment of ALO;
powders was to stabilize the phase, remove other impurities from
the surface, and limit their effect on the subsequent sintering
process. Then, AL,O; was mixed with homemade BNMRs at a
certain ratio, and the powders were placed in a planetary ball mill
(TG16-WS, Hunan Saite Xiangyi Centrifuge Instrument Co., Ltd,,
China) with a ball-to-material ratio of 1 : 5 using absolute ethanol
as a dispersant. This was done at a speed of 200 r/min and for a
mixing time of 20 h. The powder samples were dried in a vacuum
drying oven (DZF-6020, Shanghai Qixin Science Equipment Co.,
Ltd., China) at 80 C.

2.3 Preparation of composite ceramic SPS sintering
The raw materials were placed in a high-strength graphite mold
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with an inner diameter of 20 mm and sintered in a spark plasma
sintering furnace (SPS-10t-5, Shanghai Chenhua Technology Co.,
Ltd., China) under vacuum at less than 10 Pa. The firing process
was as follows: The temperature was increased to 1400 C at a rate
of 50 ‘C/min and then increased to 1450-1550 C at a rate of
10 ‘C/min. During SPS, the pressure was gradually increased; the
final holding pressure was 75 MPa, and the holding time was
18 min. Finally, BNMR/AL,O; composite ceramics of diameter
20 mm and thickness 2 mm were prepared (Fig. 2 and Fig. S1 in
the Electronic Supplementary Material (ESM)).

24 Performance test

Next, the ceramic samples were polished using an automatic
pressure polishing machine. The relative densities of the samples
were measured using the drainage method according to
Archimedes’ principle. After coarse polishing, fine polishing,
ultrasonic cleaning, and drying of the ceramic samples, the
hardness of the samples was measured with a Vickers hardness
tester (EV-1000L). The pressure load was 1500 g, and the pressure
was applied and held for 20 s. At this time, the diagonal length
value of indentation and crack was measured by the
metallography microscope software to calculate the fracture
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toughness value. The fracture toughness value of the test sample
was calculated by the equation: Kic = 0.06673HY°E’*a’c™'?,
where Kic is the fracture toughness of the test sample (MPa-m'?),
Hy is the Vickers hardness of the test sample, and E is the elastic
modulus of the sample. 2a is the diagonal length of the square
indentation, 2c is the diagonal length of the crack, and the crack
length should satisfy the condition a/c < 0.4. The three-point
bending strengths of the samples were measured using a universal
material-testing machine (DDL200KN, Changchun Research
Institute for Mechanical Science Co., Ltd., China). The dielectric
constant of the BNMRs/ALO; composite ceramics was measured
as a function of temperature using an impedance analyzer
(Agilent 4294A, Agilent Inc., USA). The thermal conductivity of
the BNMR/ALO; composite ceramics was measured using a hot
disk (Hot Disk TPS 25008, Hot Disk AB Company, Sweden). The
phase of the BNMR/ALO; composite ceramics was analyzed by
an X-ray diffractometer (XRD; X’Pert PRO, PANalytical B.V., the
Netherlands). The microstructure of the composite ceramic
samples was observed using a transmission electron microscope
(TEM; JEOL-2010F, Japan). The surface and section were
characterized using a scanning electron microscope (GeminiSEM
300, Carl Zeiss, Germany; S-4800, Hitachi, Japan). The energy

(c) Precursor

(d) High temperature
tubular furnace

(e) Mix raw materials

Fig.2 BNMRs/Al,O; composite ceramic preparation process.
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dispersive X-ray spectrometry (EDS) profile of the sample was
characterized by an EDS spectroscope (INCA IE 350 PentaFET
X-3, Oxford, UK), which is included with Zeiss electron
microscopy.

3 Results and discussion

3.1 Effect of BNMRs content on the phase of
BNMRs/AL,O; composite ceramics

Figure 3 shows the XRD patterns of the best ALO; composite
ceramic samples with different BNMR contents fired at different
temperatures and relative densities of 99% or more. Each
composite ceramic sample consisted of only AL,O; (PDF#46-1212)
and BN (PDF#45-0895), with no other impurity phases. There
was no chemical reaction between BN and Al,O,. The intensity of
the main diffraction peak of the h-BN phase increased with
increasing h-BN content. The sharp diffraction peak, high
diffraction intensity, and small full width at half maximum
(FWHM) show that the Al,O; grains had good crystallinity.

3.2 Effect of BNMRs content on microstructure of
BNMRs/AL,O; composite ceramics

Figure 4 shows the surface morphology of the BNMR/ALO;
composite ceramics after thermal etching in a muffle furnace
(KSL-1700X, Hefei Kejing Material Technology Co., Ltd., China)
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at 1400 C for 30 min under an air atmosphere. Figure 4(a)
presents the surface morphology of the pure phase ALO;
ceramics. The grains were large, and abnormal grain growth was
accompanied by a few small grains. After the addition of BNMRs,
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Fig.3 XRD patterns of BNMRs/ALO; composite ceramics with different
BNMRSs contents.
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Fig.4 Surface SEM images of (a) pure AL,O; and (b—f) composite ceramics with different BNMRs contents after hot corrosion.
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the grains showed significant refinement, and the size decreased
significantly with the increase of mass fraction (from 3-6 to 1-2 um)
(Figs. 4(b)-4(f)).

The BNMR/AILO; composite ceramic powders with a BNMR
content of 5 wt% are shown in Fig. 5(a). The grain size of AL O,
was 2-3 um, and the width of BNMRs was 1-2 um. The BNMRs
were evenly dispersed in the ALO; powders. A sectional pore
analysis of BN/ALO; composite ceramics with different BNMR
contents is shown in Fig. 5. Compared with pure ALO; ceramics,
the BN/ALO; composite ceramics had fewer closed pores, and the
relative density was improved, which indicates that a moderate
amount of toughened phase BNMRs could facilitate the
densification of the Al,O; ceramics. In addition, the Al,O; grain
size of composite ceramics was 1-2 um, which is smaller than that
of pure ALO; ceramics (3-4 um). This indicates that the
toughened phase BNMRs could inhibit the excessive growth of
Al,O; grains effectively.

The flat section of the pure ALO; ceramics exhibited a typical
mixed intergranular and transgranular fracture mode (Fig. 5(b)).
The ALO, grains with larger grain sizes showed a smooth
transgranular fracture mode, whereas the ALO; grains with
smaller grain sizes displayed an angular intergranular fracture
mode. During the sintering process, a large number of oxygen
vacancies were generated, resulting in the reduction of the grain

(a)! ALO;-5 wt% BNMR: b)

e WY
—4 wt

l’ ¥

Fig.5 SEM images of (a) BNMRs/ALO; composite powders and (b-j) cross
sections of BNMRs/Al,O; composite ceramics with different BNMRs contents.
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boundary strength and the formation of intergranular fractures
[33,34]. As the BNMR content increased, the section surface
became uneven (Figs. 5(c)-5(j)), which is a typical intergranular
fracture mode. When the BNMR content was 5 wt%, an obvious
bridging effect of the BNMRs was observed (Fig. 5(f)). BNMRs are
micron-long ribbons with good dispersion and excellent flexibility,
enabling BNMRs to wrap easily around the surfaces of ALO,
grains at high temperatures and pressures (Figs. 5(g) and 5(h)).
When the BNMR content increased (Figs. 5(i) and 5(j)), a small
number of pores appeared. The fracture mode was intergranular,
which was also proven by the decrease in mechanical properties.
In the SPS process, an increase in the BNMR content caused
agglomeration, resulting in an uneven distribution of BNMR and
AlL,O; particles, affecting the plastic flow and mass transfer process
in the later stage. This is not conducive to sintering densification
and reduces the density of the composite ceramics. As the BNMR
content increased (as shown by the yellow box in Fig. 5(j)), the
BNMRs agglomerated, resulting in a pore size at the junction
between the nanoribbons and matrix [35].

Figures 6(a) and 6(b) show the cross-sectional EDS maps of
the ALO;-5 wt% BNMR composite ceramics prepared at a
sintering temperature of 1500 ‘C for a holding time of 18 min.
The distribution of BN in the composite ceramics was determined
based on the distributions of B and N. The contents of Al and O
at the grain boundary decreased, but the contents of B and N
increased. The BNMRs were distributed at the grain boundaries
between the Al,O; grains, which wrapped around the ALO; grains
and played a pinning role. It not only inhibited the growth of
ALO; grains and slowed the movement rate of ALO; grain
boundaries but also strengthened the grain boundaries, thus
improving the fracture toughness of the composite ceramics.

Figures 7(a) and 7(b) show TEM and high-resolution
transmission electron microscope (HRTEM) images of the
BNMR/ALO; composite ceramics. Many banded structures were
coated around the grains (Fig. 7(a)). In Fig. 7(b), the lattice fringes
of the BNMRs are clearly distinguishable, and the crystal plane
spacing is 0.334 nm, which is consistent with the (002) crystal
plane spacing of h-BN. In addition, the crystal plane spacing of
0.35 nm is consistent with the (012) crystal plane of a-ALO;.
According to the corresponding EDS maps of Al, O, N, and B
(Figs. 7(c)-7(f)), the surface of the ALO; grain was wrapped by
uniform BNMRs with high purity and crystallinity. Despite the
bending shapes of the ALO; grains, the BNMRs could still closely
coat their surface and extend outward to wrap other Al,O; grains.
Therefore, BNMRs can inhibit the growth of AL O; grains. The
special thermal conductivity pathways of BN in the composite
ceramics may significantly increase the thermal conductivity of
BNMRs/ALO; composite ceramics.

3.3 Effect of BNMRs on relative density and mechanical
properties of BNMRs/Al,O; composite ceramics

With an increase in the BNMR content, the sintering temperature
of the BNMR/ALO; composite ceramics decreased (Fig. 8(a)).
When the optimum sintering temperature was exceeded, the
composite ceramics overfired, resulting in a decreased sample
density. When the sintering temperature was 1500 C and the
BNMR content was 5 wt%, the relative density of the composite
ceramics could reach 99.95%:+0.025%, which is 0.76% higher than
that of pure ALO; ceramics. The BNMR width may have been
smaller than that of the AL,O; grains. During sintering, the
BNMRs easily filled the pores between the ALO; grains. The
appropriate number of BNMRs uniformly linked together in
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Fig.6 EDS maps of fracture surface in BNMRs/ALO; composite ceramics: (a) EDS surface scanning maps and (b) line scanning maps.

different arrangement modes partially inhibited the diffusion of
AL O; particles, which was beneficial for the reduction of pores
during the sintering process. When the content of BNMRs
continued to increase, although the sintering temperature
decreased, the relative density was 99.39%+0.026%, which is
because of the agglomeration of BNMRs, resulting in the
increased pores and decreased relative density.

The hardness of the composite ceramics first increased and
then decreased (Fig. 8(b)). When the BNMR content reached
5 wt%, the hardness reached the maximum value (34.11+1.5 GPa),
which is 70% higher than that of pure ALO; ceramics. With a
further increase in the BNMR content, the BNMR agglomerated,
reducing the density and hardness of the composite ceramics.

Similarly, when the BNMRs content was 5 wt%, the maximum
fracture toughness was observed and reached 5.42+0.21 MPa-m'?,
which is 35% higher than that of pure ALO; ceramics (Fig. 8(c)).
This is because the BNMRs treated with an appropriate amount of
anhydrous ethanol were evenly distributed at the Al,O; grain
boundaries. As the crack expanded, the intergranular fracture
mode caused the crack to turn, producing branching cracks,
microcracks, and lattice changes. These cracks continuously
consumed the energy of the crack expansion and improved the
fracture toughness. Moreover, because 1D h-BN has excellent
mechanical properties, such as high elastic modulus and flexural
strength, it can deflect cracks and hinder crack propagation [36].
In addition, the bridging effect of the BNMRs at the fracture site
improved the fracture properties of the composite ceramics.

https://doi.org/10.26599/JAC.2024.9220872

However, when the BNMR content was increased to 8 wt%, the
BNMRs appeared agglomerated, and the number of pores
increased, inducing crack propagation and reducing fracture
toughness.

As shown in Fig. 8(c), when the addition amount was 5 wt%,
the bending strength also reached the maximum value
(37542.5 MPa), which is 25% higher than that of pure ALO;
ceramics. An appropriate BNMR content could inhibit the growth
of AlL,O; and refine the grains. Figure 5(g) shows that BNMRs play
the role of bridging, nailing, and wrapping Al,O; grains,
strengthening the grain boundaries between AL,O; and BNMRs,
which significantly improved the bending strength of the
composite ceramics.

34 Effect of BNMRs on dielectric
BNMRs/ALO; composite ceramics

The variation of dielectric constant (1 MHz) and dielectric loss
(1 MHz) of BN/ALO; composite ceramics with different BNMR
contents at room temperature (30-100 C) is shown in Fig. 9. The
dielectric constant initially decreased and then increased as the
BNMR content increased (Fig. 9(a)). The variation of dielectric
constant may have been influenced by the following factors:
i) Owing to the pores present in ceramics, composite ceramics
with low relative density would display a low relative dielectric
constant; i) when the BNMR content is less than 5 wt%, the large
grain size renders it difficult to remove oxygen vacancies from the
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Fig.7 (a) TEM, (b) HRTEM, and (c-f) corresponding EDS maps of
BNMRs/ALO; composite ceramics.
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grains, causing defects and lower dielectric constant [37,38];
iii) the smaller grain size tends to produce more grain boundaries,
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resulting in a greater space charge, increasing the dielectric loss
and the dielectric constant; iv) BN has a significantly lower
dielectric constant (e, = 3-4.4) than Al,O;, resulting in a decrease
in the dielectric constant of BNMRs/AlL,O; composite ceramics
[16,9,39—44]. However, with an increase in the filler content, BN
was dispersed in the ALO; matrix more evenly, and the relative
density of the composite ceramics increased. The interface
between the filler and the ALO; matrix increased, the interface
polarization increased, and the dielectric constant of the
composite ceramics increased. When the BNMR content was 5 wt%,
the dielectric constant of the composite ceramics was 6.18+0.02.
However, with an increase in the BNMR content, BNMRs
exhibited random interleaving and agglomeration, defects
increased, and the relative density and polarization ability
decreased, finally leading to a decreased dielectric constant. The
dielectric loss of the sample increased with the increase of BN
content (Fig. 9(b)), which is because the relative density of the
sample decreased, and the density of BN powders was lower than
that of ALO; powders. As the BN content increased, additional
impurity elements were introduced into the BNMRSs/ALO;
system, thus increasing the point defects in the sample and the
dielectric loss of the BNMRs/ALO; composite.

35 Effect of BNMRs on thermal conductivity of
BNMRs/ALO; composite ceramics

According to Fig. 10, the thermal conductivity of composite
ceramics at 25 C first increased and then decreased. The
changing trend was the same as that of the mechanical and
dielectric constants. When BNMRs were introduced to the AL, O;
matrix, the wrapped alumina grains were gradually refined,
increasing the number and area of grain boundaries. This
increased the strength of the lattice vibrations, reduced the mean
free path of the phonons, and improved the thermal conductivity.
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The more uniform the BN coating on AlO;, the fewer the
number of defects, such as dislocations and pores, in the ceramics.
This could be beneficial for the formation of special BNMR
pathways to improve phonon transport, effectively reduce phonon
scattering, and increase thermal conductivity [45]. Notably, fewer
BNMRs dispersed in the matrix will be unable to fabricate a
complete thermal conduction path, resulting in a low rate of
increase in the thermal conductivity coefficient.

As the BN content continuously increased, the relative density
also continued to increase. The closer the contact between BN and
the ALO; matrix, the more the thermal conductivity increased,
reaching a maximum value of 15.89+0.13 W/(m-K). Compared
with that of pure ALO; (10.91£0.10 W/(m'K)), the thermal
conductivity increased by 45.6%. When the BNMR content
exceeded 5 wt%, the BNMRs agglomeration introduced new
defects, the relative density decreased, and the porosity increased.
Pores were encountered in the process of lattice vibration,
resulting in an “annihilation” effect, which weakened the lattice
vibration and reduced the mean free path of phonons, thus
causing the thermal conductivity to decrease.

To further evaluate the thermal conductivity of BNMRs/AL,O;
composite ceramics, infrared imaging tests were performed on a
heating table preheated at 80 ‘C. Figure 10(b) shows the variation
of temperature with time at the composite ceramic center with a
surface area of 3.14 cm? With increasing BNMR content, the
thermal response speed of the BNMRs/AlL,O; composite ceramics
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first increased and then decreased. In particular, when the BNMR
content was 5 wt%, the center point of composite ceramics could
reach a maximum of 77.1 °C within 30 s, and the heat distribution
was the most uniform.

3.6 Toughening and thermal conduction mechanism of
BNMRs/ALO; composite ceramics

A schematic of the proposed toughening and heat conduction
mechanism of the BNMRs/AL,O; composite ceramics is shown in
Fig. 11. The Al,O; and BNMRs were uniformly dispersed after the
ball milling process (Figs. 11(a) and 11(b)). During the sintering
process, the pliable BNMRs were continuously extruded and
deformed by the ALO, grains under high temperature and
pressure (Fig. 11(c)), followed by even wrapping of the ALO;
grains (Fig. 11(d)). The BNMRs distributed between the ALO,
grain boundaries reduced the atomic diffusion coefficient and
inhibited the potential abnormal growth of AL,O; grains.

By referring to the literature, it can be deduced that the main
toughening methods of alumina composite ceramics are crack
propagation resistance, dispersion strengthening, crack deflection,
fiber bridging, fiber pulling out, etc. [46—48]. The crack
photographs indicated crack deflection, micro-crack, fiber pulling
out, and bridging (Figs. 12(a)-12(c) and Fig. S3 in the ESM),
which were confirmed by previous relevant literature. Simultan-
eously, BNMRs also play the role of bridging and pinning,
resulting in strong interfacial bonding between BNMRs and the
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iber bridge

Fig.12 (a—c) SEM images of BNMRs/ALO; composite ceramic polishing
surface and (d) fracture surface EDS image of BNMRs/Al,O; composite ceramic.

Al,O; matrix. In addition, the uniformly distributed 1D BNMRs
between the ALO; grains could improve the compactness and
hinder crack propagation, increase the crack propagation distance by
dispersing stress, resist higher stress, and improve the mechanical
properties of BNMRs/ALO; composite ceramics (Fig. 11(e)).
However, in terms of the thermal conduction property,
uniformly distributed and wrapped 1D BNMRs could fabricate
special multidimensional BN high thermal conductivity networks
on the surface of AL,O; grains, significantly increasing the thermal
conduction effect of the BNMRs/ALO; composite ceramics

(Fig. 11(f)). Before, we also tried to describe these thermal
conductivity pathways by backscattering SEM, but it was difficult
to distinguish BN and ALOj; in backscattering SEM images. Then,
EDS mapping results also clearly displayed the thermal
conductivity pathways constructed by BN (Fig. 12(d) and Figs. S2
and S$4 in the ESM), ultimately resulting in a significant increase in
the thermal conduction effect of BNMRs/ALO; composite
ceramics. When the BNMR content exceeded 5 wt%, the excess
BNMRs agglomerated and introduced a number of defects into
the matrix. This agglomeration led to increased porosity and
reduced the relative density, mechanical properties, and thermal
conductivity of the BNMR/ALO; composite ceramics.

3.7 Comparison with previous results

Table 1 shows the best sample preparation process and relevant
mechanical parameters obtained from the literature for typical
toughened Al,O; ceramics [11,49-52]. The particle size of ALO;
powders used in the reported literature was less than 1 um,
whereas the ALO; used in our work was commercial powders
with a particle size in the range of 3-4 um. Compared with the
ALO; powders used in the literature, the raw materials were
inexpensive and easy to obtain, had low particle size requirements,
and offered a wide range of applications. In addition, ALO,
composite ceramics with high relative densities and good
comprehensive properties can be sintered without the use of
special mixing methods and sintering additives.

During SPS, the BNMRs uniformly dispersed and wrapped the
Al O; grains, which inhibited the growth of ALO; grains. In

Table1 Relevant literature on toughened ALO; ceramics

Ref. Wang et al. [11] Zhu et al. [51] Klimczyk et al. [49] Jaafar et al. [50] Yin et al. [52] This work
Average particle size of AL,O, >1pum 0.5 um 100 nm 1 um 1-3 um 3-4 ym
Sintering method HP HP SPS SPS HP SPS
Toughening phase and its content 1.5 wt% BNNTs+SDS 1.5 wt% graphene 15 wt% ZrO,+20 wt% cBN 5 wt%SiC 6.9 wt% BNMSs 5 wt% BNMSs
Sintering atmosphere Ar — Ar — N, —
Heating rate (*C/min) 20 — 100 400 — 50
Holding time (min) 60 60 4 4 — 18
Sintering temperature (C) 1500 1550 1300 1500 1550 1500
Sintering pressure (MPa) — 40 63 80 30 75
Vickers hardness (GPa) — 21.3 20.7+1.2 21.16 21.3 34.11+1.5
Fracture toughness (MPa-m'"?) 6.1 7.5 5.4+0.5 — 5.18 5.42+0.21
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addition, 1D BNMRs exhibited excellent mechanical properties
and could produce fiber pulling out, crack deflection, bridging,
and pinning synergistic toughening effects when added to ALO,
ceramics. Moreover, BNMRs had high thermal conductivity,
which formed special phonon transport networks in the ALO;
ceramics and increased their thermal conductivity. Therefore, the
BNMR/ALO; composite ceramics with high density, hardness,
fracture toughness, and low dielectric constant prepared in this
study have the advantages of a simple preparation process, low
cost, large particle size of raw materials, and no sintering additives.
They are suitable for ceramic substrates with high thermal
conductivities and excellent performance.

4 Conclusions

BNMRSs/ALO; composite ceramics were prepared by SPS using
commercial ALO; and homemade BNMRs as the toughening
phase. The appropriate addition of toughened phase BNMRs can
improve the properties of AL,Os-based ceramics and can be better
used as high-thermal-conductivity substrate materials. When the
added BNMR content was 5 wt%, the comprehensive
performance of the BNMR/AL,O; composite ceramics was a
maximum. BNMRs improved the binding energy of the ALO,
interface and enhanced the polarization effect. The mechanical
properties of ALO;-based ceramics were also improved by the
fiber pulling out, crack deflection, bridging, and pinning
synergistic toughening effects of BNMRs. 1D BNMRs were
uniformly wrapped on the surface of ALO; grains, which had a
pinning and bridging effect, inhibiting the growth of alumina
grains, and forming special thermal conductivity networks.
Therefore, the relative density, hardness, fracture toughness, and
bending strength were respectively 99.95%0.025%, 34.11+
1.5 GPa, 5424021 MPam'", and 375+2.5 MPa, which are
increases of 0.76%, 70%, 35%, and 25% over those of pure ALO,
ceramics, respectively. The dielectric constant and thermal
conductivity were 6.18£0.02 and 15.89+0.13 W/(m:K),
respectively. Compared with that of the pure ALO; ceramics, the
dielectric constant decreased by 25.6%, and the thermal
conductivity increased by 45.6%. The results of this study are
expected to provide novel experimental and theoretical references
for improving the overall performance of alumina-based ceramic
substrates with high thermal conductivity.
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