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ABSTRACT
This paper describes the detailed high-temperature properties of monophasic Al3BC3, includ
ing the thermal expansion characteristics of its crystal structure and thermal shock resistance. 
We examined the differences in physical properties between Al3BC3 and Al8B4C7, which was 
previously thought to be Al3BC3. Compared with the thermal conductivity and CTE of Al3BC3 
measured in the present study, those reported for Al8B4C7 in a previous study were higher, 
which is attributable to residues of Al and B. The densification of Al8B4C7 is supported by gas- 
phase diffusion via Al- and B-based gases or liquid, whereas the sintering of Al3BC3 is domi
nated by solid-phase diffusion. The bending strength of Al3BC3 was 226 MPa at RT and was 
maintained even at high temperatures. Al3BC3 was found to exhibit a good thermal shock 
fracture resistance parameter R’ of 3.3, equivalent to that of Al2O3 and substantially better than 
that of commonly used engineering ceramics Al4SiC4 and Al6Si2O13, mainly because of the 
higher thermal conductivity and lower elastic modulus of Al3BC3. The dense Al3BC3 sample 
exhibited excellent thermal stability under N2 and inert gas atmospheres but was easily 
oxidized to monophasic Al2O3 at 1300°C under ambient air.
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1. Introduction

Ternary aluminum borocarbide, Al3BC3, is a promising 
candidate for use in lightweight structural components 
and is an important sintering additive for ultrahigh- 
temperature structural materials such as SiC and ZrB2 

[1,2]. The chemical composition of Al3BC3 was pre
viously believed to be Al8B4C7 [3–5]; thus, numerous 
properties of Al- and B-excess samples have been 
reported. Wang and Yamaguchi [6] prepared a dense 
sample by heating a powdered mixture of Al, B4C, and 
C according to the composition ratio of Al8B4C7 using 
spark plasma sintering (SPS) and measured its thermal 
and mechanical properties at room temperature (RT). 
Hashimoto et al. [1] reported that dense Al8B4C7 exhibits 
an excellent bending strength of ~510 MPa at high 
temperatures and is thus expected to be useful as 
a high-temperature construction material. Li et al. [7] 
achieved the synthesis of bulk Al3BC3 samples contain
ing a small amount of B4C and graphite via a reactive 
hot-pressing method. They reported the RT mechanical 
properties of as-synthesized Al3BC3 and clarified the 
temperature dependence of the Young’s modulus. 
Recently, a computational approach has been used to 
predict physical properties based on the crystal struc
ture, and knowledge of the structural parameters at 

high temperatures is desirable. In a study based on first- 
principles calculations, Wang et al. [8] showed that tern
ary metal borocarbides (e.g. Al3BC3, Sc2BC2, and Lu3BC3) 
containing short linear C – B – C units experience low 
shear-strain resistance and might exhibit damage 
tolerance.

Crystalline Al3BC3 exhibits excellent thermal stabi
lity under inert atmospheres and is not sensitive to 
hydrolysis; however, it is susceptible to oxidation in 
air at ≥1200°C [9,10]. Thus, the addition of Al3BC3 mark
edly inhibits oxidation, functioning as an antioxidant 
for composite materials such as carbon-containing 
refractories (e.g. MgO – C) [11]. Al3BC3 decomposes at 
high temperature to form Al2O3, B2O3, Al18B4O33, and 
CO/CO2. These products create a dense Al-B-O layer 
and a locally reducing atmosphere, effectively suppres
sing oxidation of the ceramic components. As struc
tural material, the dense ZrB2/Al3BC3 and ZrB2/SiC/Al3 

BC3 compounds have various excellent properties, 
including high hardness, high flexural strength, good 
fracture toughness, and high thermal shock resistance 
[12,13]. However, the high-temperature properties of 
monophasic Al3BC3 remain unclear. Here, we mea
sured various high-temperature properties of dense 
Al3BC3 single-phase samples and clarified their thermal 
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shock resistance. We also investigated the thermal 
expansion characteristics and thermal stability of Al3 

BC3 under air, N2, and inert gas atmospheres.

2. Experimental procedures

2.1. Sample preparation

The starting material Al3BC3 was prepared as described 
in the literature and subsequently pulverized by vibra
tion-milling for 3 min [14]. To prepare a dense sample, 
Al3BC3 powder with a grain size of 1–20 µm was heated 
under flowing Ar (5 L/min) to 1600°C at a rate of 30°C/ 
min under a uniaxial pressure of 40 MPa by SPS. Only 
the samples for thermal property measurement were 
sintered under a uniaxial pressure of 30 MPa. The 
shrinkage of the samples during SPS was monitored; 
the samples were maintained at the same temperature 
until the shrinkage ceased and were then cooled to RT 
in the furnace.

2.2. Crystallographic analysis

The formed phases were characterized by powder 
X-ray diffraction (XRD) with Cu-Kα radiation 
(SmartLab, equipped with a HyPix-3000 two- 
dimensional semiconductor detector, Rigaku, Japan). 
The thermal expansion characteristics of the Al3BC3 

crystal structure were characterized via in situ mea
surements using high-temperature XRD (HT-XRD); the 
pulverized Al3BC3 sample was placed on an alumina 
holder covered with a graphite sheet and heated to 
1200°C under Ar. The lattice constant was calculated 
on the basis of Si powder added as an internal stan
dard (SRM640b, NIST, USA). The crystal structure at 
high temperatures was refined via Rietveld refinement.

2.3. Physical property measurements

The bulk density of the sintered samples was measured 
by the Archimedes method. The coefficient of linear 
thermal expansion (CTE) was measured by thermome
chanical analysis (DIL402CD, NETZSCH Japan), with the 
samples heated to 1200°C under Ar. Thermal diffusivity 
and specific heat were measured in the temperature 
range 25–1000°C by the laser flash method (LFA-457, 
NETZSCH Japan) with the sample under Ar; a standard 
sapphire sample was used as a reference material.

The samples used for bending tests were cut into 
quadrangular bars with dimensions of 4 × 3 × 20 mm3. 
The bending strength was measured in the tempera
ture range 25–1400°C via a three-point bending test 
using a universal testing machine (Autograph, 
Shimadzu) with the sample under Ar; the span was 
16 mm, the crosshead speed was 0.5 mm/min, and 
a SiC jig was used.

2.4. Thermal stability evaluation

The thermal stability of the sintered Al3BC3 sample was 
evaluated by in situ HT-XRD measurements at tem
peratures as high as 1300°C and 1500°C under N2 and 
dry air (78% N2 and 22% O2) gas flows (200 mL/min), 
respectively. Microstructural observation was con
ducted using scanning electron microscopy (SEM, 
SU8010, Hitachi) in conjunction with energy- 
dispersive X-ray spectroscopy (EDS).

3. Results and discussion

3.1. Crystallographic analysis

Figure 1 presents HT-XRD patterns for the Al3BC3 pow
der at different temperatures in the range 29–1200°C. 
The diffraction peaks in the XRD pattern were attribu
ted to monophasic Al3BC3 with a trigonal unit cell 
(P3c1), except for peaks from the Si standard and 
carbon sheet. Al3BC3 exhibited excellent thermal sta
bility to 1200°C under inert atmospheres. The diffrac
tion peaks shifted to lower angles with increasing 
temperature, indicating thermal expansion. Through 
Rietveld refinement, the lattice constants a and b of 
Al3BC3 were found to increase linearly (Figure 2 and 
Table S1). The CTE along the a-axis and c-axis were 
determined to be 7.08 × 10−6/°C and 5.10 × 10−6/°C, 
respectively, in the temperature range from 29 to 
1200°C. For the c-axis, the thermal expansion tendency 
of the lattice constant varied at 600°C. The linear ther
mal expansion was most anisotropic when the sample 
was heated to 500°C: the CTE along the a-axis was 
approximately twice as large as that along the c-axis. 
Several ceramic materials such as karrooite and cor
dierite are known to cause microcracks inside sintered 
ceramic bodies because of anisotropic thermal expan
sion, which adversely affects the mechanical strength 
[15,16]. The CTE for the Al3BC3 crystal structure was 
relatively small; thus, cracking due to thermal stress is 
unlikely to occur.

The changes in structural parameters with increasing 
temperature, as evaluated through Rietveld refinement, 
are shown in Figure 3. The reliability indices Rwp and 
S were in the ranges 6.9–11.9% and 1.0–1.5, respec
tively. The crystal structure of Al3BC3 is believed to be 
as follows: Isolated C atoms are located at the center of 
corner-sharing CAl5 trigonal bipyramids, which are 
interleaved by short linear C – B – C units containing 
strong covalent bonding along the c-axis. This bonding 
is commonly described within the (Al3+)3(C4−)(CBC)5− 

ionic formalism; the C – B – C unit can then be inter
preted as an anion (C = B = C)5− with 16 valence elec
trons [4]. At RT, short linear C – B – C units with a C2–B 
distance of 0.131 nm were located between CAl3 layers. 
The distance suddenly expanded to 0.149 nm at 400°C, 
and this distance was maintained to 1000°C. In the CAl5 

bipyramids, Al atoms were coordinated as slightly 
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distorted polyhedra with C1–Al2 distances of 0.206 nm 
(×2), a C1–Al1 distance of 0.182 nm, and a C1–Al3 dis
tances of 0.204 nm (×2) at RT. The C – Al bond length in 
the CAl3 layer changed substantially at 600°C. The bond 
angle (Al2–C1–Al2) also changed according to the 
change in interatomic distance, causing tetrahedral dis
tortion without a corresponding volume expansion. 
However, the C1–Al3 bond length began to increase 
at temperatures greater than 700°C, leading to 

a change in the thermal expansion tendency of the 
lattice constant along the c-axis at 700–1200°C, as 
shown in Figure 2. The bond angle (Al3–C1–Al3) chan
ged in accordance with the variation in the interatomic 
distance of the C – B – C units at 400°C, since the Al3 
atom is adjacent to the C2 atom. Upon heating, the C – 
Al bond length in the Cal3 layer remained unchanged; 
however, the displacement of the Al3 atom resulted in 
an elongation of the C1–Al3 bond length and 
a concomitant decrease in the Al3–C1–Al3 bond 
angle. The predominant effect of short linear C – B – 
C units on mechanical properties is known to lead to 
a low shear modulus [8]. Shear deformation of Al3BC3 is 
caused by easy tilting of rigid C – B – C units with 
respect to the c-axis and shear sliding of corner- 
sharing CAl5 bipyramids. The changes in atomic posi
tion and distortion occurring at 400–600°C might 
adversely affect the deduced properties of Al3BC3, 
such as lowering its shear-strain resistance, which indi
cates the need for further investigation into the depen
dence of the mechanical properties of Al3BC3 on its 
crystal orientation at various temperatures.

3.2. Physical property measurements

Figure 4 shows the thermal expansion rate for the 
sintered Al3BC3 sample from the first to the third heat
ing cycle under flowing Ar. The thermal expansion rate 
in the first cycle was higher than those in the second 
and third tests, likely because the pressure produced 
during SPS generated residual stress inside the sin
tered body, which was then removed by the first heat
ing step. As a result, the CTE for the sintered Al3BC3 

sample measured from the third heating curve was 
6.37 × 10−6/°C, which was very close to the average 
value calculated on the basis of the unit-cell 

Figure 1. HT-XRD patterns for Al3BC3 powder heated at different temperatures under Ar flow.

Figure 2. Lattice constants along (a) a-axis and (b) c-axis for 
Al3BC3 crystal structure with trigonal cell (P 3 c1), plotted as 
functions of heating temperature.
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parameters measured by HT-XRD in the temperature 
range RT–1200°C. The thermal expansion coefficient 
for Al3BC3 was similar to those for Al4SiC4 and mullite 
(Al6Si2O13).

The thermal diffusivity, heat capacity, and thermal 
conductivity of the sintered Al3BC3 sample are pre
sented in Figure 5. The thermal diffusivity decreased 
with increasing temperature from 8.7 to 2.0 mm2/s at 
1000°C because of phonon scattering. The specific 
heat capacity increased as the temperature rose, reach
ing its maximum at 800°C, ranging from 0.9 to 1.4 J/ 
(g·K). The thermal conductivity was corrected for the 
porosity of the sintered sample. The porosity was 

calculated on the basis of the theoretical density, k0, 
via the following equation: 

where k and P are the measured thermal conductivity 
and the porosity, respectively [18]. The thermal con
ductivity of the sintered Al3BC3 sample was 20.94 W/ 
(m·K) at RT and 7.35 W/(m·K) at 1000°C, similar to that 
of Al2O3 at high temperatures. Compared with the 
thermal conductivity and CTE obtained for Al3BC3 in 
the present study, those previously reported by Wang 
and Yamaguchi [6] for Al8B4C7 (29.2 W/(m·K) and 
6.67 × 10−6/°C) were higher, possibly because of resi
dues of Al and B.

The relative density of the sintered Al3BC3 samples 
prepared for strength measurement was over 96%. 
Figure 6 presents the bending strength measured at 
different temperatures under flowing Ar. The bending 
strength was 226 MPa at RT and increased to 273 MPa 
at 400°C. This increase in strength is speculatively 
attributed to micropores and cracks being closed at 
high temperatures by the thermal expansion of the 
crystalline particles (Figure 2). The sample then main
tained the strength as the temperature was increased. 
Even at a high temperature of 1400°C, the Al3BC3 

sample exhibited nearly the same strength as at RT. 
The strength exceeded the value of previously 
reported Al3BC3 [7]. On the other hands, the strength 

Figure 3. (a) Crystal structure of Al3BC3 and CAl5 trigonal bipyramid. Bond lengths for (b) C2–B and (c) C1–Al1, C1–Al2, and C1–Al3 
and (d) bond angle for Al2–C1–Al2 and Al3–C1–Al3 as functions of heating temperature. The crystal-structure model in (a) was 
illustrated using VESTA [17].

Figure 4. Thermal expansion rate for sintered Al3BC3 sample 
during first to third heating cycle under flowing Ar.
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was lower than that of the previously reported Al8B4C7 

(500 MPa at RT, relative density of 99.6%), which is 
likely attributable to difficulties in synthesizing a dense 

Al3BC3 sample although the sintering temperature 
(1600 °C) was close to its decomposition temperature 
under SPS conditions (1630°C). According to the results 
of Wang and Yamaguchi [9], gas-phase diffusion via Al 
and B gases is believed to be one of the predominant 
mass transfer mechanisms. Solid-phase diffusion is 
much slower than the process that involves gas or 
liquid; thus, the densification of monophasic Al3BC3 

was likely not completed by SPS in the present study. 
In the XRD pattern of Al8B4C7 reported previously, no 
peaks attributed to impurity phases were found. In 
samples synthesized with the nominal composition of 
Al8B4C7, it is likely that excess Al and B are distributed 
at the grain boundaries, which affect the strength of 
Al3BC3 where intergranular fracturing occurs. In con
trast, in the present study, the starting composition 
was adjusted to the stoichiometric ratio of Al3BC3, 
and the Rietveld refinement concluded that the Al3 

BC3 phase has a stoichiometric composition. Thus, we 
consider that there is no excess Al or B at the grain 
boundaries in our synthesized Al3BC3 samples. In other 
words, adding an appropriate amount of Al or B would 
promote densification and further improve strength.

Figure 7 shows the deformation curves of sintered 
Al3BC3 samples measured at different temperatures. 
Al3BC3 sample exhibited elastic deformation, where 
the stress increased linearly up to the maximum 
point. The distortion also became larger as the micro
pores and cracks closed due to the thermal expansion 
from RT to 400°C. After that, the strain of the sample 
decreased with increasing temperature from 400 to 
1200°C.

Table 1 shows a summary of the thermal and 
mechanical properties of the sintered Al3BC3 sample. 
The materials used for comparison are Al4SiC4, which is 
also a promising additive for SiC, and the commonly 
used engineering ceramics Al2O3 and Al6Si2O13. The 
CTE and thermal conductivity for Al3BC3 are relatively 
low and very high, respectively, compared with those 
of Al4SiC4 and Al6Si2O13. In terms of mechanical 

Figure 5. (a) Thermal diffusivity, (b) heat capacity, and (c) 
thermal conductivity of sintered Al3BC3 sample. The thermal 
conductivity was corrected for porosity.

Figure 6. Bending strength of sintered Al3BC3 samples tested 
at different temperatures under flowing Ar.

Figure 7. Deformation curves of sintered Al3BC3 samples mea
sured from the three-point bending test at different 
temperatures.
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properties, Al3BC3 is a lightweight ceramic with 
a density of 2.66 g/cm3; at high temperatures, its 
strength is similar to that of Al6Si2O13 but greater 
than that of Al2O3. The elastic modulus reported for 
Al3BC3 is the lowest among these ceramics and is 
similar to that for cordierite (~140 GPa) [28], which is 
known as a thermal-shock-resistant material.

To evaluate the thermal stress fracture resistance of 
monolithic Al3BC3, which corresponds to the resistance 
to crack initiation under thermal stress, we calculated 
the fracture-resistance parameter R’ on the basis of the 
thermal and mechanical properties via the following 
equation reported by Hasselman [29]:  

where σf is the fracture strength, ν is the Poisson’s ratio, 
E is the Young’s modulus of elasticity, and α is the CTE. 
Herein, the bending strength was used for the calcula
tion. Al3BC3 exhibited an excellent R’ of 3.3, which is 
equivalent to that for Al2O3 and substantially greater 
than those for Al4SiC4 and Al6Si2O13, mainly because of 
the higher thermal conductivity and lower elastic mod
ulus for Al3BC3. The calculation results show that no 
initial cracks occur during thermal shock at ΔT ≈180°C, 
thus preserving the strength of the Al3BC3.

3.3. Thermal stability evaluation

Figures 8 and 9 present the results of HT-XRD measure
ments performed at high temperatures under N2 and 
dry air atmospheres to evaluate the thermal stability of 
the sintered Al3BC3 samples. AlN has been reported to 
be formed during heat treatment of Al3BC3 powder 
under an N2 atmosphere [30]; however, in the present 
study, the dense Al3BC3 sample showed excellent ther
mal stability and remained monophasic Al3BC3 even 
after the sample was heated under N2 at 1300°C. By 
contrast, when Al3BC3 was heated in air, small amounts 
of Al18B4O33 and Al2O3 were produced at 1300°C, as 
described by the following equations:

Table 1. Thermal and mechanical properties of sintered Al3BC3 sample and various comparison materials.

Sample
Al3BC3 

(This research)
Al4SiC4 

[19–22]
Al2O3 

[21]
Al6Si2O13 

[23–27]

Theoretical density (g/cm3) 2.66 3.03 3.95 3.12
CTE (×10−6/°C) 6.4 

(~1200 °C)
7.2 

(~1200 °C)
8.5 

(~1000 °C)
5.5 

(~1000 °C)
Thermal conductivity (W/m·K) 20 (RT) 7.8 (RT) 32 (RT) 5.1 (RT)
Bending strength (MPa) 226 (RT) 

210 (1400°C)
301 (RT) 

282 (1400°C)
350 (RT) 

130 (1500°C)
255 (RT)

Elastic modulus 
(GPa)

163 [7] 192 406 174

Poisson’s ratio 0.28 [7] 0.21 0.21 0.24
Thermal shock fracture resistance parameter R’ 3.3 1.3 2.6 1.0

Figure 8. HT-XRD patterns for sintered Al3BC3 sample heated 
at different temperatures under flowing N2.

Figure 9. HT-XRD patterns for sintered Al3BC3 sample heated 
at different temperatures under a dry air (78% N2 and 22% O2) 
gas flow.
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The oxidation of Al3BC3 progressed with increas
ing heat-treatment temperature, and the amounts 
of Al18B4O33 and Al2O3 increased continuously as 
the temperature was increased to 1500°C. 
Figure 10 shows an SEM micrograph and EDS 
maps for the surface of the Al3BC3 sample heated 
at 1500°C for 1 h under air. The surface became 
rough because of oxidation accompanied by the 
volatilization of B2O3 and CO2, and oxide phases 
were observed. Interestingly, this surface morphol
ogy differed substantially from the previously 
reported needlelike Al18B4O33 particles formed on 
the surface of Al8B4C7 [9]. During oxidation of Al8 

B4C7, the excess Al and B caused the formation of 
Al4B2O9 and more B2O3 between 700°C and 800°C, 

which may have led to the observed surface 
morphology.

A cross-sectional SEM micrograph and EDS maps of 
the Al3BC3 particles heated at 1200 and 1500°C for 20 h 
are presented in Figure 11. The Al18B4O33 formed on the 
surface of Al3BC3 undergoes further thermal decomposi
tion. Extending the heating time led to oxidation not only 
at the surface of the Al3BC3 particles but also in their 
interior, resulting in monophasic Al2O3. We found that 
the Al18B4O33 layer formed on the Al3BC3 surface did not 
inhibit oxidation and was completely oxidized when the 
sample was exposed to a high temperature in ambient air 
for a long period. Thus, Al3BC3 is expected to function as 
a structural component at temperatures as high as 
1200°C; at temperatures greater than 1200°C, it appears 
to be suitable as an antioxidant for high-temperature 
structural ceramics such as ZrB2, SiC, and SiC fiber- 
reinforced SiC (SiCf/SiC) composites. Furthermore, since 
the CTE of Al3BC3 is between that of SiCf (4.5 × 10−6/°C) 
and Al2O3 (8.5 × 10−6/°C), it is expected to be used instead 
of mullite, which is the interface between SiCf/Al2O3 

composite.

4. Conclusions

We measured various high-temperature properties of 
monophasic Al3BC3 and clarified its thermal shock resis
tance. The CTE for the unit cell was most anisotropic 
when Al3BC3 was heated to 500°C: the CTE along the 
a-axis was approximately twice that along the c-axis. 
Among the thermal expansion characteristics, CAl5 tri
gonal bipyramids interleaved by short linear C – B – 
C units were found to be distorted at 
400–600°C. A relative density of 96% was achieved by 

Figure 10. SEM micrograph and EDS maps of sintered Al3BC3 

sample heated at 1500°C for 1 h under dry air (78% N2 and 
22% O2) gas flow.

Figure 11. Cross-sectional SEM micrograph and EDS maps of Al3BC3 particles heated at (a) 1200°C and (b) 1500°C for 20 h under 
ambient air.
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heating Al3BC3 powder at 1600°C under a uniaxial pres
sure of 40 MPa by SPS. The bending strength was 226 
MPa at RT, which was lower than that previously 
reported for Al8B4C7; this difference is attributed to the 
difficulty associated with densification without gas- 
phase diffusion via Al- and B-based gases or liquids. 
Al3BC3 exhibited a good thermal shock fracture resis
tance parameter R’ of 3.3, which was equivalent to that 
for Al2O3 and substantially greater than those for Al4SiC4 

and Al6Si2O13, mainly because of the higher thermal 
conductivity and lower elastic modulus of Al3BC3. The 
dense Al3BC3 sample showed excellent thermal stability 
under N2 and inert gas atmospheres but was easily 
oxidized to monophasic Al2O3 at 1300°C under ambient 
air. Thus, Al3BC3 is expected to be useful as a structural 
component at temperatures as high as 1200°C and to be 
suitable as an antioxidant for high-temperature struc
tural ceramics at temperatures greater than 1200°C.
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