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In this work, hot-pressing of alumina in contact with hexagonal boron nitride or doped with boron carbide was
conducted at 1500 °C for 30 min. After hot-pressing, abnormal grain growth induced by boron diffusion from
these substances into alumina was detected, as clearly demonstrated with SEM, EDS, EBSD, and Raman spec-
troscopy. Grain boundary complexion transformations, solute drag, or another mechanism relating to interface-
controlled grain boundary mobility are presumed to be the fundamental mechanism responsible for abnormal
grain growth observed in this work.

1. Introduction

Ceramics are materials with outstanding properties, controlled and
defined by their processing and final microstructure. Even though this
connection has been well-known for decades, grain growth and micro-
structure evolution in alumina remain difficult to understand, particu-
larly when grains grow abnormally fast, a phenomenon known as
abnormal grain growth (AGG). One reason for this is the wide range of
effects from different impurities.

It is known that AGG is not an intrinsic property of alumina (Aly03)
[1], which is the material most frequently used as a technical ceramic.
However, if only a few ppm of certain impurities are present during
sintering Al;O3 for several hours at temperatures above 1500 °C, AGG
may occur [2-5]. AGG changes the fundamental microstructure and the
overall properties of the material, making it important to investigate the
conditions under which AGG happens.

Previous work on AGG in alumina, which mostly considers oxide
impurities [2-5], has shown that liquid phase formation, doping with
other impurities, solute drag, and various kinds of grain boundary
complexions [4-8] play an important role and are potential mechanisms
for AGG in alumina.

The work presented here investigates the possibility of boron (B)
induced AGG in alumina caused by the presence of the non-oxides,
specifically boron carbide (B4C) and hexagonal boron nitride (hBN),
during hot pressing in a graphite die in an inert atmosphere. The pres-
ence of hBN during hot pressing and its interaction with alumina is
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particularly interesting because hBN is often used as a protective layer
on the graphite dies for pressure-assisted sintering.

2. Experimental
2.1. Materials and hot pressing

Pure alumina (TM-DAR, >99.99 % purity, Dso = 0.15 pm, Taimei
Chemicals) was hot-pressed at 1500 °C in argon (Ar) for 30 min with a
heating rate of 500 °C/h and an applied pressure of 80 MPa in a graphite
(carbon) die. Half of the graphite bottom plate was replaced by a fully
dense, high purity (TM-DAR, >99.99 % pure) alumina plate, which was
pressureless sintered and had a grain size of 2 pm. The graphite bottom
plate in contact with the alumina powder was ground and cleaned prior
to sintering to remove any impurities. The graphite plate on top of the
alumina powder and the inside of the surrounding die were coated with
hexagonal boron nitride (hBN) spray (HeBoCoat SL-E 125, Henze BNP
AG, Germany) as a protective layer, as is often done during hot-pressing.
Based on this procedure, three different interfaces, alumina-alumina
(Al03- Al;03), alumina-carbon (Al;O3—C) and alumina-boron nitride
(Al,03-BN), are present, as shown in Fig. 1.

In addition, hot pressing of alumina containing 1 wt% of fractured
boron carbide (B4C) particles, ~100 pm in size, was conducted under
similar conditions to investigate the influence of B4C on the micro-
structural evolution in alumina.
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Fig. 1. Graphite die for hot-pressing of pure and doped alumina with a split bottom plate, half alumina, and half graphite (carbon). The top surface as well as
surrounding area of the sample were in contact with the applied hexagonal boron nitride (hBN) layer, highlighted with a green dashed line.

2.2. Characterisation

Digital microscopy (KEYENCE VHX-6000 version 2.8.0.110) and
SEM imaging, including EDS and EBSD (Merlin FEG SEM, Zeiss) were
performed on fractured and polished surfaces of the samples, with some
of them etched at 1100 °C for 15 min in air.

Polished surfaces were prepared by grinding and polishing the
samples with colloidal silica.

Grain size measurements were performed using the linear intercep-
tion method without applying a correction factor.

Raman spectroscopy on polished surfaces was conducted between
100 and 3200 cm’l, using a red laser (633 nm).

3. Results
3.1. Microstructure at hot-pressed interfaces

The SEM images of the Al,O3-AlyOs-interface (red dashed lines in
Fig. 2) show that the grains have overgrown the original interface, and
that the microstructure of the previously sintered alumina and the hot-
pressed alumina differ in GS. The GS is 1.5 pm for the hot-pressed part of
the sample and 1.9 pm for the previously pressureless sintered plate.
Furthermore, the microstructure shows some inter- and intragranular
submicron pores where the pre-sintered disk and the hot-pressed part
merge. Intragranular porosity mostly appears in grains at the interface,

Fig. 2. SEM images of the fractured (a) and polished (b-d) Al;03-Al,Os-interface including red dashed lines for visualisation of the actual interface between the pre-
sintered disk and the subsequently hot-pressed material, which shows a few micrometre-sized pores (c) as well as submicron inter- and intragranular pores along the
interface (b and d).
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Fig. 3. Al;O3-C-interface of a hot-pressed Al,O3; ceramic, which was in direct contact with a cleaned graphite plate located at the bottom of the visualised
microstructure; b) shows the in a) highlighted are at higher magnification which was in direct contact with the cleaned graphite plate.

Fig. 4. Al,03-hBN-interface of a hot pressed Al,O3; ceramic, which shows enhanced grain growth on the outer layer of the Al,O3 sample; b) shows the in a)
highlighted fractured area; c¢) and d) show other polished areas with abnormally grown grains at various magnifications.

where some of these grains are comparatively large (>5 pm), but almost
never within the pre-sintered disk or the hot-pressed part of the material,
as shown in Fig. 2.

At the Al,O3-C-interface (Fig. 3), the microstructure, which has a
grain size of 3.8 pm, shows enhanced grain growth compared to the
Al;03-Aly0s-interface region, but no other anomalies such as AGG are
found. The enhanced grain growth at the Al,O3-C-interface can be
explained by the (carbothermic) reduction [9] caused by the graphite
die.

The grains located at the edge of the hot-pressed sample, shown in
Fig. 4, where hBN was used as a separation layer between the Al;O3-
powder and the graphite (carbon) die, show AGG, which is most obvious
at 0.5 mm from the sample surface. This region represents the Al;O3-
hBN-interface highlighted in Fig. 1. Grains in this region are up to
several hundreds of micrometres in size, orders of magnitude larger than
the normal sized grains (=3 pm) that surround the abnormally grown
grains.

3.2. Microstructure on B4C-Al;Os-interface

Fig. 5 visualises a fractured (vertical) and perpendicular polished
(horizontal) surface of an AlyOs-matrix showing abnormally grown
Aly0O3-grains surrounding a B4C-particle.

The (not post-processed) EBSD map shown in Fig. 6 was taken on the
polished surface around the B4C particle and highlights the AGG with
the orientation and size of the grains around the particle. A sharp
transition from very large to small grains is clearly visible. Most large
grains show a single orientation (one colour), though a few show two
different orientations within one grain, which are always misoriented by
60°.

Furthermore, SEM images and EDS maps from the B4C-AlyO3-
interface, shown in Figs. 7 and 8, reveal the formation of a 1 pm thick
interfacial region with high C-content, low amounts of O, but no Al. Due
to its low atomic number, boron was not included in the EDS
characterisation.

According to the Raman line scan shown in Fig. 9, which starts
within the B4C-particle, goes through the interface, and ends in the
Aly,O3-matrix, the following compositions are detected: I) pure B4C,
which can be seen in the Raman spectrum up to 1200 em™! (scan 1), 1D
B4C with increased carbon-content (scan 2), III) pure carbon (scans 3
and 4), IV) carbon in Al;03 (scans 5 to 8), and V) pure Al,O3 (scans 9 and
10).

Based on the measured Raman spectra, the pure carbon region (III)
can be specified as 2D graphitic C-structure due to the strong D, G, D’,
and G’ peaks shown in Fig. 9 c).
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Fig. 5. SEM images at various magnifications (a—c) of a fractured and polished surface of an Al,O3 matrix including one solid particle of B,C approx. 50 pm in

diameter showing enhanced grain growth of alumina around the B4C particle.

Fig. 6. EBSD map of the abnormally grown Al,Oz-microstructure around a B4C-particle located on the top right corner of the map shown in dark grey. Most grains
show one orientation; however, some grains show two different regions, which are 60° misoriented towards each other.

4. Discussion

Since boron is difficult to detect by conventional methods such as
EDS, particularly in low concentrations in the ppm range due to its low
atomic number, it seems likely that the influence of boron on the Al;Os3-
microstructure has not been recognised until now, even though hBN is

often used in hot-pressing, SPS, or other sintering techniques as a pro-
tective layer between graphite dies and Al,Os-powder.

The experiments conducted in this work show that if hexagonal
boron nitride (hBN) or boron carbide (B4C) is present and in direct
contact with alumina (Aly03), AGG of Al;,03 occurs during hot-pressing
at 1500 °C for 30 min.
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Fig. 8. a) SEM image of B4C-Al,Oj3 interface after hot-pressing with the corresponding elemental distribution shown by EDS maps of b) carbon, ¢) aluminium and

d) oxygen.

According to the literature, the fundamental mechanism for AGG
under the present conditions is presumably related to the oxidation of
B4C and hBN, which typically occurs in two steps. First, the formation of
B,03, which increases rapidly at temperatures above 1200 °C [10].
Second, the subsequent evaporation of B;03, which increases sharply
above 1300 °C [10,11]. Since these reactions occur below the temper-
atures usually applied during sintering of Al;Os in air, boron-containing
substances oxidise, and the formed boron oxide evaporates during the
sintering process of Al,Oj3 in air.

However, if no atmospheric oxygen is available to oxidise B4C or
hBN, the oxidation and evaporation process is limited because B4C and

hBN do not evaporate at temperatures around 1500 °C. The results
presented here suggest a reaction of B4C or hBN with the oxygen con-
tained in alumina and the diffusion of boron (B) along grain boundaries,
which leads to a depletion of B in some of the regions that were origi-
nally B4C or hBN, as was shown in this work for B4C, which was sur-
rounded by an almost pure layer of (2D-)carbon.

The diffusion of B into alumina could lead to liquid phase formation,
which begins at significantly lower temperatures [12-14] than those
required for the densification of Al,O3 and the applied sintering tem-
perature of 1500 °C. It is known from other substances such as CaO [3],
SiO,, and TiO, that the presence of liquid phases can induce AGG in
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Fig. 9. Raman Spectra obtained from the B4C-Al,O3 interface after hot-pressing starting at the interior of the B4C particle (1) reaching into Al,O3 (10). a) shows the
microscope image of the investigated region with the B4C particle as bright area; b) shows all the 10 line-scan spectra; c¢) shows the scans 1-3 located in the B4C
particle (1) as well as the C-rich interfacial layer (3); d) shows the scans 5 (dark blue), 8 (green) and 10 (light blue) taken on the Al,O3; matrix side.

Aly03 [1,2,4]. Other impurity-related effects can also stimulate AGG,
including of the formation of particularly mobile grain boundary com-
plexions, solute drag, and other interface-control effects that induce
non-linearity in the grain boundary velocity versus driving force rela-
tionship which are possible mechanisms for AGG [5-8,15].

From previous investigations conducted under different circum-
stances, such as sintering in air and higher concentrations of boron-
containing substances, it is known that composites made from B,O3
and Al»Oj3 can also form elongated aluminium borate grains or whiskers
[16-20]. Furthermore, B;0j is suitable for generating strong joints be-
tween Al,O3 ceramics [21,22]. However, grains or structures with high
aspect ratios were not observed in this work. This is likely due to the
different approaches and experimental conditions. Nevertheless, it
shows that various effects in AlyO3 can originate from the presence of
substances or impurities such as BOs.

5. Conclusions

The research conducted here showed that boron-containing sub-
stances such as hexagonal boron nitride or boron carbide induce
abnormal grain growth in alumina during hot-pressing at 1500 °C for 30
min in an inert atmosphere. This phenomenon is presumed to be caused
by the diffusion of boron into the alumina matrix.
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