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Abstract

Calcium hexaboride (CaB6) polycrystalline was prepared from its nano-scale powders using vacuum hot-pressing method under 1750 8C,

32 MPa for 5 min. SEM, FESEM and AFM were employed to observe morphology and compared with its bulk material sintered under 1550 8C.

Observations showed the structure of the nano-scale CaB6 bulk has the regions with high and low compactness degree due to CaB6 nanometer

powder aggregations. The hardness, bending strength and fractural toughness were 79.7 HRA, 198.7 MPa and 3.73 MPa m1/2, respectively, better

than those of CaB6 micron-polycrystalline sintered under the same sintering parameters. DSC and TG were tested to investigate high temperature

stability. Only one exothermic peak (1117.2 8C) appeared in nano-polycrystalline which began at 1080 8C and area was �167.7 J/g, showing its

stability is much better than CaB6 nano-micron composite polycrystalline and micron-polycrystalline.
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1. Introduction

Calcium hexaboride (CaB6) has very important values both in

research and application due to its good combination of

mechanical properties, chemical stability and unique physical

properties [1–4], which show a potential application in advanced

instruments industry. In order to further probe the natures of this

material, the recent research focused on the physical properties of

its ultrafined or nano-scale material. Superfine [5] and submicron

CaB6 cubic particles [6], CaB6 nanowires [7,8] have already been

synthesized. It was discovered that the physical properties such

as magnetic performance and optical property [9] are different

from its micron-powders, which highlighted the research

significance of nano-scale CaB6.

In this paper, the vacuum hot-pressing method was

employed to prepare CaB6 polycrystalline bulk from its

nano-powders. The sinterability of nano-powders was analyzed

and compared with CaB6 micron-powders and its nano-micron

composite powders. High temperature stability of polycrystal-

line bulk material was also tested and analyzed in this work.
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2. Experimental procedure

Nanometer CaB6 powders (average particle size 80 nm),

micron-scale CaB6 powders (average grain size 5 mm) were

used as raw material in this study, which were prepared by

ourselves (Boride Research Group of Shandong University, P.

R. China). Their mixture powders were mingled by planetary

high energy mill (model: QM-1SP(2L)) using carnelian balls as

media for 10 h at a rotate speed of 380 rpm.

A high purity graphite mould whose inner diameter is Ø

40 mm was used to fill nano-scale CaB6 powders and then was

put into vacuum hot-pressing sintering furnace which working

vacuum degree is 6.67 � 10�2 Pa. The powders were heated by

high pure graphite heater at a rate of 16 8C/min to the schedule

temperatures 1550 and 1750 8C. After 32 MPa pressure was

brought to bear on powders for 5 min, the material was cooled

with furnace. In order to compare the high temperature stability,

the polycrystalline bulks of CaB6 micron-powders and CaB6

nano-micron composite (nanometer powders content was

10 wt.%) were pressed under the same parameters.

Crystal slicing machine was used to cut one polycrystalline

bulk to five samples which size were 30 mm � 4 mm � 3 mm.

The samples were polished by different sizes boroncarbide

(B4C) powders as abrasive. Atomic force microscope (AFM,

model: AFM-IIa) and scanning electron microscope (SEM,
d.
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model: Hitachi S-2500) were used to examine microstructure.

Field emission scanning electron microscope (FESEM, model:

JSM-6700F) was employed to observe fractural morphology.

Differential Scanning Calorimetry (DSC, model: Netzsch

DSC404C) was used to analyze the oxidation behavior with

elevated temperature.

The compactness degree was tested by pycnometer method

according to Archimedes law. Hardness values were achieved

by Rockwell hardness tester (model: HRS-150) with load

150 kgf and eight points of each sample were tested to get the

mean value. Bending strength and fractural toughness were

measured by portal type microcomputer control electron

universal tester (model: CMT5105). All above mechanical

properties data for one bulk measured from its five samples in

order to reduce the experimental error.

3. Result and discussion

Fig. 1 showed the SEM images of CaB6 polycrystalline bulk

which were made of nanometer powders sintered at different
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Fig. 1. SEM of morphologies of CaB6 polycrystalline made of nanometer pow
temperature. A number of pores were observed in CaB6 nano-

scale polycrystalline at 1550 8C as shown in Fig. 1(a). The

average size of the large pores was about 100 mm in length and

20 mm in width. Almost no nano-particles could be found in the

large pores, and the pores became smaller in dense area. The

high magnification observation showed the polycrystalline still

has the powder-like morphology, which indicated that sintering

has not fully completed at 1550 8C.

The microstructure of CaB6 nano-scale polycrystalline

changed significantly when the temperature increased to

1750 8C. SEM observation (Fig. 1(b)) showed the micro-

structure consisted of the regions with high and low

compactness degree. With the elevation of sintering tem-

perature, the edges circularization of pores occurred due to

the diffusion of atoms. From Fig. 1(c), the large pores left in

samples sintered at 1550 8C were divided by neck growth and

tangled into network-like structure. And it was obvious that

the tiny pores in dense area closed and shrank, so the

densification microstructure achieved eventually as shown in

Fig. 1(d).
ders sintered under different temperatures: (a) 1550 8C, (b)–(d) 1750 8C.
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Fig. 2. FESEM observation to fracture surfaces of CaB6 nano-scale polycrys-

talline sintered under 1750 8C.

[(Fig._3)TD$FIG]

Fig. 3. AFM two-dimensional (a) and corresponding three-dimensional (b)

pictures of CaB6 nano-scale polycrystalline sintered under 1750 8C.
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Due to having large specific area, agglomerates were

inevitable in nano-powders. At initial and middle stages of

sintering [10], firstly, the interior agglomerate particles

densified as well as pores eliminated, which resulted in the

big pores grew up in the boundaries of agglomerates. Surface

diffusion played a predominant role during this processing.

There was no remarkable shrink densification of billet. With the

sintering developing, the grains turned coarse in dense area, and

the shrinkage of large pores would be introduced by

compressive stress from dense area, which led to densification

finally.

Fig. 2 showed FESEM observation to fracture surface of

CaB6 polycrystalline sintered from nano-scale powders at

1750 8C, which indicated that the fracture mode is intergranular

type. The morphology of nano-scale grains was obvious in

addition to the circle part marked in the image, where partial

particles melted together. AFM two-dimensional and corre-

sponding three-dimensional images of CaB6 nano-scale

polycrystalline at 1750 8C (Fig. 3) confirmed the above result.

There was no abnormal grain growth resulting from nano-CaB6

powders sintered at 1750 8C, but the corresponding three-

dimensional image has large bump areas of local peaks which

meant grains fusion took place.

Table 1 provided the hot-pressing parameters and mechan-

ical properties of sintered CaB6 polycrystallines made from

nano-powders, micron-powders and composite powders. For

samples sintered by CaB6 nano-powders, as sintering tem-

perature increasing from 1550 to 1750 8C, the densification of
Table 1

Hot-pressing parameters and the mechanical properties of sintered CaB6 polycryst

No. Temperature (8C) Pressure (MPa) Densification (%) Rockwell ha

1 1550 32 86.2 73.4

2 1750 32 92.1 79.7

3a 1750 32 90.2 83.6

4a 1750 32 93.2 92.6

Note: Bulk No. 1 and 2 were CaB6 polycrystalline sintered from nano-scale powders

nano/micron composite powders containing 10 wt.% nano-powders.
a Data from Ref. [11].
polycrystalline improved from 86.2 to 92.1%. The volume

fraction of pores decreased sharply. At the same time, the

resulting Rockwell hardness, bending strength and fractural

toughness of the specimen increased as well. Hardness and

fractural toughness increased from 73.4 HRA, 3.23 MPa m1/2

to 79.7 HRA, 3.73 MPa m1/2, respectively. Especially, sintering
allines.

rdness (HRA) Bending strength (MPa) Fractural toughness (MPa m1/2)

80.81 3.23

198.7 3.73

167.3 2.80

331.7 3.06

, while No. 3 was from micron-scale powders and No. 4 was sintered from CaB6
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temperature had significant influence on bending strength. For

instance, the bending strength of CaB6 polycrystalline sintered

at 1750 8C was elevated to 198.7 MPa, almost 145% increase

obtained compared with that of the nano-polycrystalline

sintered at 1550 8C, whose value was only 80.81 MPa.

According to Fig. 1, the pores of sintered polycrystalline

were large at 1550 8C and had not particles inside, which

reduced the mechanical properties dramatically. However, the

particles could contact each other resulting in circularization

and close of pores, thus the large pores were separated to small

agglomerate pores at 1750 8C, which was beneficial to bending

strength. Due to fine-grained materials with large percentage of

grain boundaries, the path of crack proportion was not straight

(Fig. 2). The finer the grains were, the longer the distance used.

Furthermore, due to the small size of initial crack, the critical

stress enhanced, for the crack size was equivalent to the finer

grain size of polycrystalline materials. Thus, fractural tough-

ness of the bulk from nano-scale CaB6 powders at 1750 8C,

32 MPa were better than those of the bulk from micron-scale

CaB6 and nano-micron composite containing 10% nano-

powders under the same hot-pressing parameters circumstance

[11]. The values were increased by 33.2 and 21.9%,

respectively (as seen in Table 1).

DSC technique was used to study the thermal effects from

room temperature to 1300 8C of CaB6 polycrystalline sintered

at 1750 8C, 32 MPa from nano-scale powders, the heating rate

was 10 8C/min. No protection gas was used in order to simulate

the actual oxidizing environment. Fig. 4 was the DSC results of

nano-scale, micron-scale as well as nano-micron composite

CaB6 polycrystallines.

As shown in Fig. 4, a couple of exothermic peaks (1055.0

and 1122.2 8C) appeared in micron-scale CaB6 polycrystalline,

whose areas were �112.25 and �311.4 J/g, respectively. This

result agreed with two oxides (Ca–B–O and Ca–O) in sintered

CaB6 with additional Nickel as reported in Ref. [12]. However,

only one peak (1117.2 8C) was found in nano-scale CaB6

polycrystalline and the area of peak was �167.7 J/g. The DSC

curve of nano-scale CaB6 polycrystalline was similar

with nano-micron composite CaB6 polycrystalline (in which
[(Fig._4)TD$FIG]

Fig. 4. DSC curves of the CaB6 polycrystalline samples prepared under

1750 8C and 32 MPa for 5 min.
nano-powders weight ratio was 10%), which also had one

exothermic peak in large area (�1061 J/g).

Although the exothermic peak position of nano-scale CaB6

polycrystalline (1117.2 8C) was ahead of that of nano-micron

composite polycrystalline (1156.5 8C), both of their exothermic

peaks started at about 1080 8C. The area of exothermic peak in

nano-scale CaB6 was much smaller than the others, which

indicated that the high temperature stability of nano-scale CaB6

bulk materials was the best. The microstructure of nano-scale

CaB6 polycrystalline had high and low compactness degree

regions, and grains in high dense area contacted closely which

made the diffusion of oxygen atoms along the grain boundary

become difficult. Thus, the antioxidation ability was improved

finally. In the nano-micron composite polycrystalline, the

nanometer particles filled in the boundaries of micron-scale

particles, so the surface of composite polycrystalline became

more compact to prevent the diffusion of oxygen atoms.

4. Conclusions

(1) CaB6 polycrystalline bulk was successfully prepared using

hot-pressing method at 1750 8C, 32 MPa for 5 min in

vacuum. The microstructure of nano-scale CaB6 has the

regions with high and low compactness degree. No

abnormal grain growth was observed, but some partial

particles melted together.

(2) The densification, hardness, bending strength and fracture

toughness were 92.1, 79.7 HRA, 198.7 MPa and

3.73 MPa m1/2, respectively. These properties were better

than those of CaB6 micron-scale polycrystalline. The

fracture mode was intergranular type.

(3) The high temperature stability of nano-scale CaB6

polycrystalline was much better than that of nano-micron

CaB6 composite polycrystalline and micron-scale poly-

crystalline. The nano-scale CaB6 polycrystalline oxidized

began at 1080 8C. Only one exothermic peak appeared

(1117.2 8C) and its area was �167.7 J/g.
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