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bstract

Al8B4C7” and Al3BC3 powders were synthesized, and the formation of secondary phases was suppressed during the densification of the ternary

luminum borocarbides. The so-called “Al8B4C7” was Al3BC3 containing excess Al and B. The excess components in “Al8B4C7” promoted the
ensification of Al3BC3. The formation of secondary phases could not be controlled when using the reactive hot pressing method during the
ensification of Al3BC3. In contrast, monolithic Al3BC3 was obtained by separating calcination and hot pressing stage. The hardness, Young’s
odulus and fracture toughness of the sintered Al3BC3 were 13.9 GPa, 136 GPa and 2.2 MPa m1/2, respectively.
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. Introduction

Al-rich aluminum borocarbides have been considered as
romising candidates for lightweight structural application due
o the unique combination of properties such as low density and
igh hardness.1 In addition, the application field of the materials
as been expanded to a sintering additive.2 Consequently, inten-
ive researches have been performed about the ternary materials
uring the last decades.3,4

The ternary compound was described as Al4B1–3C4 by
atkovich et al. at 1964.5 Inoue et al. reported that the
l4B1–3C4 compound should in fact correspond to Al8B4C7.6

ince then, several tens of publications reported the phase
ntil recently.7–25 However, Hillebrecht and Meyer analyzed the
tructure of “Al8B4C7” and reported that the correct molecu-
ar formula of the compound is Al3BC3.26 Several papers have
escribed the properties and structure of Al3BC3.1,3,4,27–30 How-

ver, experimental evidences which clearly verify the correct
ernary phase among the two systems have not been sufficiently
rovided.30
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In spite of the increasing interest about the aluminum boro-
arbides, the densification method and mechanical properties of
he compounds have been rarely reported. Recently, Li et al.
btained dense Al3BC3 using reactive hot pressing method.30

owever, the formation of secondary phases such as Al4C3
ould not be efficiently suppressed. The secondary phases are
ighly undesirable because some of them react with humidity
nd may deteriorate the properties of the components after some
ime.30

In the present report, experimental evidences to verify the
roper aluminum borocarbides were provided. The improve-
ent of sintering method and some mechanical properties of

he sintered materials were also reported.

. Experimental procedure

Metal Al (Reagent grade, Koso Chemical Inc.), B4C (Grade
D20, H.C. Starck), and C (carbon black, MA-600B, Mit-

ubishi Chem.) were used for the synthesis of the aluminum

orocarbides. The raw powders having the stoichiometric com-
osition of Al3BC3 or “Al8B4C7” (molar ratio of Al:B:C = 3:1:3
r 8:4:7, termed 3Al–B–3C or 8Al–4B–7C, Table 1) were
ixed in ethanol using an ultrasonifier for 10 min (US-1200T,
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Table 1
Chemical composition (wt%) of the stoichiometric and synthesized aluminum
borocarbide powders.

Al B C O

Stoichiometric Al3BC3 63.3 8.5 28.2 0
Stoichiometric Al8B4C7 62.9 12.6 24.5 0
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l3BC3 as-fabricated 62.4 8.4 27.7 0.35
l8B4C7 as-fabricated 60.1 12.1 25.7 0.73

issei, Tokyo, Japan, sonication condition: 20 kHz, 1200 W)
nd the mixed slurries were dried with stirring using a hot
late.

Dense specimens were prepared with changing the conditions
f calcination. In condition 1, the 3Al–B–3C and 8Al–4B–7C
ere calcined at 1800 ◦C for 1 h in flowing Ar under moder-

te pressure (0.2 MPa). Immediately after the calcination step,
he synthesized aluminum borocarbides were hot-pressed at
850 ◦C for 1 h (“Al8B4C7”) or at 1875 ◦C for 2 h (Al3BC3)
nder 60 MPa pressure in flowing Ar (Fig. 1(a)). The sinter-
ng process was termed calcination–hot pressing method. The
raphite molds used for hot pressing were sealed using a BN
aste in order to minimize the vaporization of aluminum dur-
ng calcination.31 For comparison, part of the 3Al–B–3C was
intered using reactive hot pressing. The powder mixture was
ressed under 40 MPa at 1850 ◦C without the calcination stage,
nd was sintered for 1 h in flowing Ar (condition 2, Fig. 1(b)).
n condition 3, the 3Al–B–3C was calcined at 1800 ◦C for 2 h in
r. The obtained powder was nearly X-ray pure Al3BC3. The

ernary compound powder was crushed using a mortar in air
nd was hot-pressed at 1850 ◦C for 1 h under 40 MPa pressure
Fig. 1(c)).

The densities of the specimens were analyzed using
rchimedes’ method. The theoretical densities of Al3BC3 and

Al8B4C7” used for the calculation of relative density was 2.66
nd 2.69 g/cm3, respectively.8,30

Chemical analysis of the Al3BC3 powder was performed
sing an inductively coupled plasma atomic emission spec-
rometry (analyzed components: Al and B, ICP-AES, Optima
300DV, Perkin Elmer), infrared absorption method (ana-
yzed component: C, CS 444-LS, Leco, St. Joseph, MI) and
nert gas carrying melting-infrared absorptiometer (analyzed
omponent: O, TC-600, Leco, St. Joseph, MI), respec-
ively.

The phase compositions of the borocarbide powders and bulk
pecimens were analyzed using X-ray powder diffraction (XRD,
DX-3500, JEOL) with Cu K� radiation. The microstructure and
hemical composition of the sintered borocarbides were ana-
yzed using scanning electron microscopy (SEM, JSM-6700F,
EOL) and energy dispersive spectroscopy (EDS, Phoenix,
DAX).

Young’s modulus, hardness and fracture toughness of
he dense specimens were measured using an ultrasonic

ester (5072PR, Panametrics) and Vickers indenter (AVK-A,
kashi, loading condition: 10 kg, 15 s). Fracture toughness
as calculated using the formula proposed by Anstis et

l.32

“
o
t
t

ig. 1. Conditions of the heating rate and application of pressure: (a) condition
, (b) condition 2 and (c) condition 3.

. Results

Fig. 2 is the XRD data of Al3BC3 and “Al8B4C7” reported
n literatures and synthesized in this research. The X-ray reflec-
ions of Al3BC3 shown in Fig. 2(a) were calculated based on
he crystal structure (space group: P63/mmc) reported in Refs.
, 3. The calculated Al3BC3 peaks matched well with those of
Al8B4C7” measured using a single crystal (Fig. 2(b)) except
or the peak shift.4

The X-ray reflections of the synthesized Al3BC3 and
Al8B4C7” powders (Fig. 2(c) and (d)) were similar with those

btained from a “Al8B4C7” single crystal (Fig. 2(b)) except
he small unidentified peaks at 28.4◦ and 36.9◦. In spite of
he large difference of chemical composition between Al3BC3
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Fig. 2. XRD data of aluminum borocarbides. (a) Calculated reflections of
Al3BC3 based on the data in Ref. 1 (calculated and added by one of the authors of
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ef. 1, Z. Lin); (b) reflections of Al8B4C7 reported by Inoue et al. measured from
single crystal (Ref. 6); (c) synthesized Al3BC3 powder and (d) synthesized

Al8B4C7” powder: (�) unidentified peaks.

nd “Al8B4C7”, the XRD data of both the powders were nearly
dentical.

Table 1 shows the chemical composition of the stoichiomet-
ic or synthesized aluminum borocarbide powders. The Al, B
nd C contents of the Al3BC3 powder were similar with the sto-
chiometric value. In contrast, a rather distinct reduction of Al

ontent was observed in the synthesized “Al8B4C7”.

Fig. 3 illustrates the sintering shrinkage of the aluminum
orocarbides above 1800 ◦C during calcination–hot pressing
rocess. The shrinkage of the 8Al–4B–7C was nearly finished

ig. 3. Sintering shrinkage of (a) Al8B4C3 at 1850 ◦C and (b) Al3BC3 at 1875 ◦C
uring hot pressing for 1 h under 60 MPa pressure in Ar.
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fter sintering for 35 min at 1850 ◦C. In contrast, the densifi-
ation of 3Al–B–3C continued for 1 h at 1875 ◦C. The relative
ensity of Al3BC3 was lower than that of “Al8B4C7” (97.7%
s. 98.1%, Table 2) although a higher temperature (1875 ◦C vs.
850 ◦C) and longer holding time (2 h vs. 1 h) were applied for
ensification. In contrast, the shrinkage of the 3Al–B–3C pow-
er was nearly finished after reactive hot pressing at 1850 ◦C
or 40 min under 40 MPa pressure (condition 2, relative den-
ity: 98.9%). The densification of the crushed Al3BC3 powder
as also nearly completed after hot pressing at 1850 ◦C using

ondition 3 (relative density: 99.1%).
Fig. 4 is the XRD data of Al3BC3 and “Al8B4C7” sintered

sing the calcination–hot pressing method, which shows two
ifferences from those of the powders. First, new peaks were
bserved at 26.4◦ and 38.4◦, indicating the formation of C
nd Al during densification. Second, the intensity of peaks at
3.5◦ and 45.5◦, which correspond to (0 0 6) and (0 0 8) plane,
trongly increased after densification.3,6 In addition, the spec-
mens densified using conditions 2 and 3 contained secondary
hases (Fig. 4(b) and (c)). The XRD data of Al3BC3 were sim-
lar with those of the “Al8B4C7” after densification (Fig. 4(a)
nd (d)).

Fig. 5 is the microstructure and EDS data of the sintered
l3BC3 and “Al8B4C7”. The Al3BC3 grains had elongated mor-
hology (Fig. 5(a)). The difference of the color in SEM figure
ndicated that the chemical composition of the grains was not
dentical. EDS analysis informed that the dark grains contained
arge amount of oxygen (Fig. 5(b) and (c)). The EDS peaks of
, C and Al were nearly identical at points 1–4.

In contrast to the uniform microstructure of Al3BC3, the
intered “Al8B4C7” contained grains having irregular shape
Fig. 5(d)). EDS data indicated that the chemical composition
f the elongated grains in “Al8B4C7” was identical with that of
l3BC3, but the dark and irregular-shaped grains were mainly

omposed of B and Al (Fig. 5(e) and (f)). The results clearly
ndicated that “Al8B4C7” is in fact Al3BC3 containing excess

l and B.
Table 2 summarized the mechanical properties of the sintered

luminum borocarbides. The Young’s modulus and hardness

ig. 4. XRD data of the dense aluminum borocarbides after hot pressing. (a)
Al–B–3C, condition 1; (b) 3Al–B–3C, condition 2; (c) Al3BC3, condition 3;
nd (d) 8Al–4B–7C, condition 1: (�) graphite, (�) aluminum, (�) Al4O4C, (�)
nidentified peaks, others: Al3BC3.
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Table 2
Relative density and some mechanical properties of sintered aluminum borocarbides.

Relative density/% Young’s modulus/GPa Hardness/GPa Fracture toughness/MPa m1/2

Al3BC3 97.7 136 13.9 2.2
Al8B4C7 98.1 161 14.1 2.2
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Fig. 5. Microstructure and EDS data of sint

f “Al8B4C7” were higher than those of Al3BC3. The fracture
oughness of the aluminum borocarbides was 2.2 MPa m1/2.
. Discussion

Different from the nearly stoichiometric Al3BC3 powder,
he synthesized “Al8B4C7” powder had a depletion of Al due

1
A
r
t

amples: (a)–(c) Al3BC3; (d)–(f) Al8B4C7.

o the vaporization of excess Al (Table 1). The generation of
l gas decreases strongly when Al forms carbides (e.g., vapor
ressure of molten Al: 291 Pa at 1527 ◦C, Al4C3: ∼100 Pa at

800 ◦C).11,33 The aluminum-to-carbon ratio of stoichiometric
l3BC3 and “Al8B4C7” is 2.24 and 2.57 by weight. While the

atio of the as-prepared “Al8B4C7” decreased distinctly due to
he vaporization of excess Al (2.34), that of the Al3BC3 powder
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as nearly identical with the theoretical value (2.25). On the
ther hand, B content of the “Al8B4C7” powder was similar to
he stoichiometric value in spite of the excess because the vapor
ressure of B is about five orders of magnitude lower than that
f Al at 1800 ◦C.11

X-ray reflections of the “Al8B4C7” powder did not show the
resence of the excess components, the formation of secondary
hases or the shift of peaks caused by the formation of a solid
olution (Fig. 2(c) and (d)). The results indicated that most prob-
bly the excess Al and B within the “Al8B4C7” powder formed
n amorphous phase. The crystallization of amorphous B was
eported to be suppressed by adding small amount of C.34,35

The change of the X-ray peak intensity of the sintered speci-
ens at 33.5◦ and 45.5◦ (Figs. 2 and 4) was originated from the

lignment of the elongated grains by the pressure applied during
ensification. The increase of the (0 0 6) and (0 0 8) peak inten-
ity of the sintered Al3BC3 compared to those of the powders
ndicated that the c axis of the Al3BC3 grains were aligned per-
endicular to the applied pressure. The preferential alignment of
he elongated grains was clearly identified by SEM (Fig. 5(a)).

Al and C were formed in the sintered specimens due
o the incomplete reaction (Fig. 4(c)) and/or the thermal
ecomposition of the ternary materials at and above 1850 ◦C.
he melting temperature of “Al8B4C7” was reported to be
800–1850 ◦C.12,18 However, the behavior did not occur at
850 ◦C under 60 MPa pressure as shown in Fig. 3. Instead,
he thermal decomposition of the ternary materials and the for-

ation of Al and C began to occur during densification (Fig. 4).
he onset temperature of decomposition of Al3BC3 is affected
y the partial pressure of Al in the atmosphere.36 In flowing
r, the decomposition starts at 1400 ◦C, while the temperature

hifted to ∼1900 ◦C by using a sealed carbon mold in order to
uppress the vaporization of Al.36 In the present investigation,
he raw powder mixture was placed in a sealed carbon mold,
hich effectively suppressed the decomposition of Al3BC3 and

onsequent formation of Al and C at 1850–1875 ◦C.
The densification of Al3BC3 was attained at 1850 ◦C by using

he reactive hot pressing. However, the specimen contained large
mount of carbon and secondary phases (Fig. 4(b)). The results
ndicated that the preparation of monolithic Al3BC3 by reactive
ot pressing may be difficult although the method has a bene-
cial effect on the densification of Al3BC3.30 Likewise, nearly
omplete densification could be achieved at 1850 ◦C when using
he crushed Al3BC3 powder (condition 3). However, secondary
hases such as Al4O4C were formed because the surface of
he crushed Al3BC3 powder reacted with humidity to form alu-

inum oxides (Fig. 4(c)). The oxides are believed to promote the
ensification of Al3BC3 by forming a liquid phase because the
utectic temperature of Al2O3–Al4O4C is 1850 ◦C.37 In contrast
o the above results, monolithic Al3BC3 could be obtained by
sing the calcination–hot pressing method (Table 2, Fig. 4(a)).
he above results indicated that the calcination–hot pressing
ethod is the most effective among the tested conditions to
btain dense Al3BC3.
The densification of “Al8B4C7” was easier than that of

l3BC3 (Fig. 3). Excess Al and B which were contained in
Al8B4C7” presumably formed a liquid phase and promote the
eramic Society 30 (2010) 1015–1020 1019

ensification. The decomposition temperature of AlB2 into a
iquid and AlB12 was reported to be below 1200 ◦C.38 The liq-
id phase in the sintered “Al8B4C7” is believed to form the dark
nd irregular-shaped grains containing the excess constituents
Fig. 5(e)). The similarity of the XRD data between the sin-
ered Al3BC3 and the “Al8B4C7” (Fig. 4(a) and (d)) indicated
hat most probably the liquid phase did not crystallized during
ooling down.

Wang et al. and Li et al. measured the mechanical proper-
ies of “Al8B4C7” and Al3BC3, respectively.8,30 The Young’s

odulus, hardness, and fracture toughness of the ternary mate-
ials were reported to be 137–163 GPa, 11.1–12.1 GPa and
.3–3.9 MPa m1/2, respectively.8,30 The mechanical properties
f the borocarbides measured in this research were similar to
he reported values except for the high hardness (∼14 GPa). The
oung’s modulus and hardness of “Al8B4C7” was higher than

hose of Al3BC3 presumably because the relative density of the
intered “Al8B4C7” was higher than that of Al3BC3 (98.1% vs.
7.7%).39

. Conclusions

“Al8B4C7” was Al3BC3 containing excess Al and B. The
xcess components remained as a secondary phase in the sintered
pecimens. The residual Al was partly removed by vaporiza-
ion during the synthesis of “Al8B4C7”. The excess components
romoted the densification during hot pressing. The forma-
ion of secondary phases could not be effectively suppressed
hen applying reactive hot pressing method. In contrast, dense
l3BC3 having homogeneous microstructure were obtained by
sing the calcination–hot pressing method. The Young’s modu-
us and hardness of the sintered Al3BC3 were lower than those
f “Al8B4C7” presumably because of the remaining pores.
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