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Abstract

B,4C based composites with 20 mol% TiB, were fabricated by reaction hot-pressing of four different submicron size B4C powders
with the addition of nanometer size TiO, and C powders at 2000 °C, and their mechanical properties were examined. A B4C-TiB,
composite with both high strength of 866 MPa and modest fracture toughness of 3.2 MPa m'/? could be obtained using B,C powder
with a mean particle size of 0.50 um and total metal impurity 0.3-0.5 wt.% (Al + Fe). It seems that this extremely high strength is
attributed to the fine-grained B4C microstructure, uniform dispersion of TiB, particles and improvement of fracture toughness.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Boron carbide (B4C) possesses unique physical and
thermal properties such as high elastic modulus, high
melting point, good chemical stability and high neutron
absorption cross-section. In addition, B4C ceramics
exhibit excellent mechanical properties such as high
hardness and high wear resistance.!™ They are currently
used in nuclear energy and high-temperature thermo-
electric conversion. However, their widespread applica-
tion has been restricted mainly due to their low strength
and fracture toughness as well as poor sinterability due
to a low self-diffusion coefficient. Several additives have
been investigated in order to promote the sinterability
of B4C. The addition of carbon has been found to be
effective in improving the densification of B,C,*'° and
a B4C ceramic with a relative density of 96.4% has been
fabricated by pressureless sintering at 2150 °C with the
addition of carbon.'® Full densification of this material
could be achieved by means of a post-HIP treatment. Its
flexural strength was increased from 475 to 579 MPa by
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this treatment, although the fracture toughness
decreased from 2.8 to 2.4 MPa m!/2. Aluminium and Al
containing compounds such as AlF; have also been
used for densification of B4C. A high relative density of
95% was achieved with the addition of 1 mass% Al by
pressureless sintering at 2200 °C.!" The addition of a
small amount of Al,O; greatly improved the sinter-
ability of B4C, and a ceramic with flexural strength of
550 MPa was obtained by hot-pressing B4C powder
with 2.5 vol.% Al,O5 at 2000 °C.'? The effect of other
additives such as SiC, TiC, WC and BN have also been
investigated, with limited success.'3~'¢

The purpose of previous investigations was mainly to
enhance the densification and, thereby, to increase the
strength of B4C ceramics. On the other hand, B4C
ceramics with dispersed TiB, particles have been inves-
tigated in order to improve both strength and
toughness.!”2° The improvement of fracture toughness
achieved by TiB, additions has been explained in terms
of microcrack formation caused by the thermal expan-
sion mismatch between dispersed particles and the
matrix.'*?! Skorokhod and Krstic have successfully
fabricated a B4C-TiB, composite with a flexural
strength of 621 MPa and a fracture toughness of 6.1
MPa m'/? by reaction hot-pressing of submicron size
B4C with the addition of submicron size TiO, and C at
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2000 °C.%° The high strength of this material was
attributed to the combination of high fracture tough-
ness and fine microstructure.

Mechanical properties of two phase composites are
influenced remarkably by their microstructure.>* It is
considered that the microstructure of B4C ceramics is
strongly affected by the characteristics of the B4C
starting powder, such as mean particle size and impu-
rities which promote densification. However, there have
been a very limited number of such studies concerning
B4C-TiB, composites. In the present study, the effect of
characteristics of B4C powders on microstructure and
mechanical properties of B4C-TiB, ceramics fabricated
by reaction hot-pressing powder mixtures of B,C, TiO,
and C has been investigated using commercially
available B4,C powders with different particle sizes and
impurities. In order to prepare B4C ceramics with uni-
formly dispersed TiB, particles, nanometer size TiO,
powder and carbon black were used as starting
materials. The microstructure and mechanical proper-
ties such as flexural strength and fracture toughness of
specimens were examined and compared with
monolithic B4C.

2. Experimental procedure

Four kinds of B4C powders were used as raw materi-
als: these are referred to as powder A (Grade HS, H. C.
Starck GmbH, Berlin, Germany), powder B (Grade
#1200, Denki Kagaku Kogyo Co., Tokyo, Japan),
powder C (Grade 3000F, Elektroschmelzwerk Kempten
GmbH, Munchen, Germany) and powder D (Grade
#1500, Denki Kagaku Kogyo Co., Tokyo, Japan). The
mean particle size of the powders, measured by a parti-
cle size analyzer (UPA 150, Microtrac Inc., Mon-
tgomeryville, USA), are shown in Table 1. All of the
B4C powders had a mean particle size of about 0.5 um.
However, it should be noticed that, in powder A, there
existed a small amount of large particles as shown in
Fig. 1. Carbon black (Grade Regal 330R, Cabot Co.,
Boston, USA) was used as the carbon source, and had a
specific surface area of 88.1 m?/g. The nanometer size
TiO, powder (Grade Nano Tek, C.I Kasei Co., Tokyo,
Japan) used in this study was produced by the vapour

phase reaction method, and consisted of spherical par-
ticles with a mean particle size of 28 nm calculated from
a specific surface area of 54.6 m?/g.

Each of the four B4C powders was mixed with 14.5
mol% TiO, and 21.5 mol% C using a planetary ball
mill with a SiC pot and SiC balls in methanol for 1 h.
This starting composition was determined so as to form
B4C-20 mol% TiB, composition according to Eq. (1).

B4C +2 TiO, + 3C = 2 TiB, +4CO ()

The slurry was dried in a rotary vacuum evaporator
for 1 h, followed by drying at 115 °C for 24 h. The
powder mixture was passed through a 60 mesh sieve.
Reaction hot-pressing was performed using a carbon
resistance furnace in a rectangular graphite die (47
mmx42 mm) at 2000 °C for 1 h with an applied load of
50 MPa under 0.1 MPa argon pressure. The tempera-
ture was monitored by an optical pyrometer, which was
calibrated in advance using a thermocouple. The heat-
ing rates were 40 °C/min from room temperature to
1200 °C, 20 °C/min to 1500 °C and 10 °C/min to
2000 °C. For the sake of comparison, monolithic B,C
specimens without TiB, were also fabricated by the
same procedure.

For measuring mechanical properties, test pieces were
cut from the hot-pressed specimens and ground with a
400-grit diamond wheel to dimensions of 42 mmx4
mmx3 mm. The flexural strength was measured by a
four-point bending test with inner and outer spans of 10
and 30 mm, respectively. The fracture toughness, Kic,
was measured by the SEPB method.?* The densities of
the specimens were determined by the water displace-
ment method. Phase identification was performed by X-
ray diffractometry (XRD: RINT 2500, Rigaku, Tokyo,
Japan) with CuK, radiation. In order to observe the
microstructure, specimens were polished with diamond
slurry down to 1 pm. Some specimens were etched with
Murakami’s reagent [10 g of NaOH and 10 g of
K3Fe(CN)g in 100 ml H,O at 110 °C]. Microstructural
analysis was carried out using scanning electron micro-
scopy (SEM: JSM5600, Jeol, Tokyo, Japan). The grain
size of B4C and the mean particle size of TiB, were
measured by means of an image analysis (Scion Image,
Scion Co., MD, USA).

Table 1
Characteristics of B,C starting powders
Powder A Powder B Powder C Powder D

Mean particle size (um) 0.54 0.50 0.43 0.40
Specific surface area (m?/g) 17.6 21.0 15.3 224
Oxygen (%) 1.7 2.5 2.0 3.6
Metal impurities Fe (ppm) 260 2000 140 4000

Al (ppm) 80 1200 50 1100
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Fig. 1. SEM photographs of B4C starting powders: (a) powder A, (b) powder B, (c) powder C and (d) powder D.

3. Results and discussion

In the case of monolithic B4C ceramics, full densifi-
cation could be achieved in the B and D specimens,
whilst relative densities of the specimens from the A and
C samples were slightly lower at 98.1 and 99.7% of
theoretical density, respectively (Table 2). It has been
reported that the addition of 1 vol.% AIl,O5 (corre-
spondingly to 0.83 mass% Al) greatly improved the
densification of B,C ceramic,'? and that the densifica-
tion of B4C-TiB, composite was enhanced by the addi-

Table 2

tion of 1 wt.% Fe.!” It seems, therefore, that the high
levels of aluminium and iron impurities in the B and D
powders contributed to full densification of the speci-
mens. On the contrary, a low impurity level as well as a
relatively large particle size in the A powder resulted in
the low density of the specimen. Fig. 2 shows polished
and chemically etched surfaces of the monolithic B4,C
specimens fabricated by hot-pressing the four kinds of
B4C powders at 2000 °C. In the specimens prepared
from the A and C powders, the grain size of the hot-
pressed specimens was almost the same as the particle

Densities and mechanical properties of monolithic B4C and B4C-TiB, specimens

Sample B4C Specimen Theoretical Relative Flexural Fracture TiB, particle
powder density (g/cm®)  density (%)  strength (MPa)  toughness (MPa m'/?)  size (um)

Sample A Powder A Monolithic B,C 2.52 98.1 479 2.60 -

Sample A-T B4C-20 mol% TiB,  2.82 ~100 659 2.49 1.07

Sample B Powder B Monolithic B,C 2.52 ~100 582 2.40 -

Sample B-T B,C-20 mol% TiB,  2.82 ~100 866 3.20 2.20

Sample C Powder C Monolithic B4C 2.52 99.7 615 2.61 -

Sample C-T B4,C-20 mol% TiB,  2.82 ~100 718 2.76 0.76

Sample D Powder D Monolithic B,C 2.52 ~100 480 2.47 -

Sample D-T B4,C-20 mol% TiB,  2.82 ~100 808 3.02 1.75




1126 S. Yamada et al. | Journal of the European Ceramic Society 23 (2003) 1123-1130

Fig. 2. Microstructures of monolithic B4C specimens fabricated using four kinds of B,C powders: (a) powder A, (b) powder B, (c) powder C and (d)

powder D.

size of the starting powders (Fig. 1). On the other hand,
substantial grain growth was observed for the specimens
from powders B and D. For the sample from powder D,
in particular, abnormal grain growth took place. It is
thought that aluminium and iron impurities enhance
not only densification but also grain growth.

All of the B4C-20 mol% (15 vol.%) TiB, specimens
fabricated by reaction hot-pressing exhibited full den-
sities (Table 2). Compared with the monolithic B4C
specimens, densification of the B4C-TiB, composite
specimens from the A and C powders was enhanced by
reaction hot-pressing. Typical X-ray diffraction patterns
of the starting mixtures and hot-pressed specimens are
shown in Fig. 3. For the starting powder mixture, B4,C
and two types of crystalline TiO, phases were identified
plus an additional small peak at 35.7° which corre-
sponds to diffraction from SiC (102). The SiC con-
tamination is thought to originate from the SiC pot and
balls used during mixing. The carbon phase was not
observed owing to the low crystallinity of carbon black.
XRD analysis of the B4C-TiB, specimen revealed that it
was a composite of B4C and TiB, phases with a trace of
SiC. No other phase was identified.

Fig. 4 shows microstructures observed in the polished
surfaces of the B4C-TiB, specimens. In the photo-

graphs, TiB, particles appear as white spots due to the
larger atomic weight of Ti compared to B and C. In all
of the specimens, TiB, particles were dispersed in the
B4C matrix, but their morphology was quite different
depending on the type of B4C powder used as starting
material. In the case of the B4C-TiB, specimens from
the both the A and C powders (Fig. 4a, c), the mean size
of TiB, particles was small at 1.07 and 0.76 um, respec-

4% 104
[ . . L] ® B,C
[ B4C-TiBzspecimen = TiB,
b ¢ SiC
3% 104 - . A TiO; (anatase)
2z .. o v TiOs (l’l:tlle)
7 I
goany et | efele | oo % sfsesdH
S L
| Starting powder mixture
1% 104 A
o

40
2 theta
Fig. 3. X-ray diffraction patterns of starting powder mixture and
B4C-TiB, specimen fabricated using powder B.
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Fig. 4. Microstructures of B4C-TiB, specimens fabricated using four kinds of B,C powders: (a) powder A, (b) powder B, (c) powder C and (d)

powder D.

tively (Table 2). A large number of aggregated TiB,
particles existed in the specimen from powder A,
whereas the particles were highly dispersed in the speci-
men from powder C. On the contrary, relatively large
TiB, particles with mean sizes of 2.20 and 1.75 um in
diameter were dispersed in the B4C-TiB, specimens
from powders B and D (Fig. 4b,d). The size of TiB,
particles was uniform for the specimen from powder B,
whereas, for the specimen fabricated using powder D,
there were a number of smaller sized TiB, particles.
Skorokhod et al. stated that the growth of TiB, particles
in a B4C-TiB, composite occurs mainly through the
diffusion along the B4C grain boundaries.??> It was
thought that the diffusion transport of TiB, was pro-
moted by the presence of the aluminium and iron
impurities in the specimens from powders B and D.
Fig. 5 shows the grain size distributions of B4C for the
monolithic and B4C-TiB, composite specimens fabri-
cated using the powder D. Larger B,4C grains with grain
size over 3 pym were present in the monolithic B4C spe-
cimen, whereas these large grains were not present in the
B4C-TiB, specimen. It was thought that the abnormal
grain growth of B4C was inhibited by TiB, particle dis-
persion for the B4C-TiB, specimen.?*

Fig. 6 shows the flexural strength and the fracture
toughness of the B4C specimens with and without TiB,
fabricated using the four kinds of B4C powders. The
fracture toughness of the monolithic specimens were as
low as 2.4-2.6 MPa m!/2. As compared with monolithic
specimens, the fracture toughness of the composite spe-
cimens from the powders B, C and D were increased by
the dispersed TiB, particles. However, that of the com-
posite specimen from the powder A showed no
improvement over the monolithic material.

The thermal expansion coefficient of TiB, is larger
than that of the B,C matrix,! such that residual stress is
generated around the TiB, particles during cooling. This
residual stress results in the formation of microcracks
and, to some degree, deflection of propagating cracks,
which leads to improvement in fracture toughness of
composite materials.'®2! In order to examine the crack
propagating behaviour for the B4C—TiB, specimens, an
indentation on the polished surface was carried out
using a Vickers diamond indenter. As shown in Fig. 7,
crack deflection occurred around the TiB, particles for
the B4C-TiB, specimen from the powder B.

Over a critical particle size, however, the fracture
toughness decreases with increasing the dispersed parti-
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Fig. 5. Distributions of grain size of B4C for monolithic B4C and
B,C-TiB; specimens fabricated using powder D.
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Fig. 6. Mechanical properties of monolithic B4C and B4C-TiB,
specimens.

cle size since cracks develop spontaneously during cool-
ing. As shown in Fig. 8, there is a clear tendency for the
fracture toughness to increase with an increase in the
size of TiB, particle among the B4C-TiB, specimens
from powders B, C and D. However, fracture toughness
was not improved in the specimen from powder A. It
seems that aggregation of TiB, particles forms a three
dimensional network structure in this composite speci-
men (Fig. 4a), which results in the lower residual stress.

As shown in Fig. 6, the flexural strength for the
monolithic specimen from powder A exhibited a low
strength of 479 MPa, owing to the low density. In
addition, the large B4C particles formed by the abnor-

Fig. 7. Crack deflection on B4C-TiB, specimen fabricated using pow-
der B.
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Fig. 8. Fracture toughness of B4C-TiB, specimens as a function of
mean particle size of TiB,.

mal grain growth acted as the fracture origin for the
specimen from powder D (Fig. 2d), consequently, a low
flexural strength of 480 MPa was obtained. Relatively
high flexural strength of 615 MPa was obtained for the
specimen from powder C. It seems that it is attributed
to the fine grained microstructure shown in Fig. 2c.
Flexural strength of 582 MPa was obtained for the spe-
cimen from powder B. The flexural strength for all the
specimens were improved by reaction hot-pressing
(Fig. 6).

Fig. 9 shows the relationship between the flexural
strength and fracture toughness for all of the specimens.
The flexural strength was clearly proportional to the
fracture toughness for the composite specimens,
although plots for the monolithic specimens were ran-
domly scattered. The critical flaw sizes of these speci-
mens are calculated based on Griffith’s equation
(c=2K3c/mo?) using the experimental values of the flex-
ural strength (o) and the fracture toughness (Kic).!”
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Fig. 9. Flexural strength of monolithic B4C and B,C-TiB, specimens
as a function of fracture toughness.

The critical flaw sizes for all of the B4C-TiB, specimens
were of the same order of 8.7-9.4 um, whereas those of
the monolithic B4C specimens were larger compared to
the B4C-TiB, specimens and varied from 10.8 to 18.8
um. These large critical flaw sizes of the monolithic
specimens can be contributed to the low density and the
abnormal B4C grain growth. Full densification was
achieved for all the B4C-TiB, specimens, and the
abnormal grain growth was inhibited by the dispersion
of TiB, particles. Therefore, the critical flaw sizes of the
composite specimens became smaller and more uniform.
High flexural strength over 800 MPa was obtained for
the B4C-TiB, specimens from powders B and D. In
particular, both extremely high strength of 866 MPa
and modest fracture toughness of 3.2 MPa m!/? could
be achieved in the B4C-TiB, specimen from powder B.

4. Conclusions

B4C-20 mol% TiB, ceramic composites were fabri-
cated by reaction hot-pressing powder mixtures of four
different submicron size B4,C, nanometer size TiO, and
carbon black at 2000 °C. B4C-TiB, specimens exhibited
a composite microstructure where TiB, particles were
dispersed uniformly in a fine grained B4C matrix. The
abnormal grain growth of B4C was inhibited, and the
fracture toughness was increased for some of the B,C—
TiB, specimens. It appears that this improvement in
toughness is due to the formation of microcracks and
deflection of propagating cracks caused by the thermal
expansion mismatch between TiB, particles and B4C
matrix. By using B4C starting powders with higher alu-
minium and iron impurities content, the growth of TiB,

particles was promoted and, therefore, fracture tough-
ness increased further. Both high strength of 866 MPa
and modest fracture toughness of 3.2 MPa m'/? could
be achieved in the B4C-TiB, specimen fabricated using
B4C powder with a mean particle size of 0.50 um and
total metal impurity between 0.3 and 0.5 wt.% (alumi-
nium plus iron ).
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