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Characterization of Directionally Solidified B4C—-TiB, Composites

Prepared by a Floating Zone M ethod
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Directionally solidified B4C-TiB, composites were prepared by a Floating Zone method. TiB, phases in arod shape were continuously
connected in the B,C matrix. The c-axes of TiB, and B4C phases were perpendicular and tilted 22° to the growth direction, respectively.
The (101) and (120) planes of the B4C were in parallel to the (001) and (100) planes of TiB,, respectively. The electrical conductivity of the
composite parallel to the growth direction (o)) was greater than monolithic B4C by a factor of 100 to 1000. The thermal conductivity of the
composite parallel to the growth direction («;) was about one and a half times as high as that of B4C. The anisotropy of electrical and thermal
conductivity were basically explained by a mixing law using the values of B4C and TiB;. The microhardness of the composite was almost the
same as that of B4C. The electric discharge machining of the composite was possible owing to the enhancement of electrical conductivity.

(Received December 20, 2001; Accepted February 25, 2002)

Keywords: boron carbide, titanium diboride, eutectic, directional solidification, floating zone, electrical conductivity, thermal conduc-

tivity, electric discharge machining, hardness

1. Introduction

Boron carbide (B4C) has several unique characteristics
such as extremely high hardness,>? high neutron absorption
cross-section® and abnormally low thermal conductivity.?
These features provides wide variety of applications for abra-
sives,® nuclear controlling rods®? and thermoelectrics.®1%
However, the high hardness and the low thermal conductivity
could be drawbacks for machinability to complicated shapes®
and for thermal-shock resistance,®® respectively. By making
B4C-based composites with electrically and thermally con-
ductive ceramics, the application of B4C would be expanded
to wider fields because of the capability of electric discharge
machining and the improvement of thermal shock resistance.

Titanium diboride (TiB,) has high electrical conductiv-
ity,1>19 thermal conductivity’® and hardness,>'® being
compatible with B4C because B,C and TiB, form binary
eutectic composites.’) Therefore, TiB, would be suitable
dispersoid to improve electrical and thermal conductivity of
B4C.

Since the properties of composite are strongly influenced
by texture, it is important to fabricate composites with well-
controlled texture. The directional solidification is advanta-
geous to control the texture particularly for eutectic compos-
ites. 1821 |n the present work, directionally solidified B,C—
TiB, eutectic composites were prepared by a floating zone
(FZ) method, and the electrical conductivity, thermal conduc-
tivity, hardness and el ectric discharge machinability were in-
vestigated.

2. Experimental Procedure

B4C and TiB, powders were mixed at a composition of
25mol%TiB,, and isostatically pressed at 9.8MPa in a la-
tex tube with 10mm in diameter. The pressed rods were
sintered at 1773K for 3.6ks in Ar atmosphere. Direction-
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aly solidified B4C-TiB, composites were prepared by the FZ
method using the sintered rods in Ar atmosphere. A Xelamp
was used for the heating. The solidification rate was con-
trolled at 2.8 x 107°%, 1.4 x 10~° and 5.6 x 10 °ms 1. B,C
and TiB, monolithic materials were prepared for comparison.
B4C specimen was fabricated by the FZ method, and TiB;
specimen was prepared by a spark plasma sintering (SPS)
since the melting point of TiB, (3500K) is too high for the
FZ method. The density of the sintered TiB, was 88%.

The lattice parameters of the specimens were measured by
an X-ray powder diffraction method. Pure Si powder was
used as a standard material. The growth direction and crystal
orientation of B4C and TiB, phases were determined by pole
figure X-ray diffraction and transmission electron microscopy
(TEM). The microstructure was observed with scanning elec-
tron microscopy (SEM). The electrical conductivity (o) was
measured by a dc four-probe method for rectangular speci-
mens (6mm by 1mm by 1mm). The thermal conductivity
(«x) was measured by a laser flash method using disk speci-
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Fig. 1 B4C-TiB, pseudo-binary phase diagram.1”
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Fig. 2 Microstructure of directionally solidified B4C-TiB, composites. (al) growth rate 2.8 x 10~® ms~1 (Parallel to growth direction).
(a2) growth rate 2.8 x 10-8 ms~1 (Perpendicular to growth direction). (b1) growth rate 1.4 x 10~° ms~1 (Parallel to growth direction).
(b2) growth rate 1.4 x 10~> ms~* (Perpendicular to growth direction). (c1) growth rate 5.6 x 10~° ms~* (Parallel to growth direction).
(c2) growth rate 5.6 x 10~>ms~1 (Perpendicular to growth direction).

mens (¢8 mm by 2mm). The measurements were conducted
for specimens parallel and perpendicular to the growth direc-
tion in the temperature range between room temperature and
1023K. The Vickers microhardness was measured under the
indenter load from 0.245 to 1.96 N. The eectric discharge
machinability were evaluated for B,C and B,C-TiB, com-
posite using copper €lectrodes.

3. Resultsand Discussion

3.1 Eutectictexture

The B4C-TiB, system is pseudo-binary eutectic!”) as
shown in Fig. 1. The typical eutectic texture was observed
at the composition of B4C-25mol%TiB; in this study. Tex-
tures of directionally solidified B4C-TiB, composites at sev-
era growth rates are summarized in Fig. 2. Figures 2(al),
(b1) and (cl) show the textures of specimen surface parallel

to the growth direction, and Figs. 2(a2), (b2) and (c2) show
those of specimen surface perpendicular to the growth direc-
tion. The white phase is TiB,, and the black matrix is B4C.
These pictures show that TiB, phases grew as a rod shape
in the matrix of B4C. When the melted B,C-TiB, composite
of the eutectic composition is cooled below the solidification
temperature, the crystallization of B,C and TiB, would start
simultaneously. During this process, aliquid phaserichin Ti
might form around B4C crystalites, and also a liquid phase
rich in C might form around TiB; crystallites. Then, the ex-
cess Ti and C would diffuse to the TiB, and B4C crystallites,
respectively. Since a steady-state diffusion of solutes could
be maintained in the directional solidification, B,C and TiB,
crystallites with constant dimensions could grow parallel to
each other depending on the solidification rate.’®)

The spacing between rods decreased with increasing the
growth rate as shown in Fig. 2. The time for the diffusion of
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Fig. 3 Relationship between rod spacing (1) and growth rate (V).

solutes around the solid/liquid interface should be short at a
high growth rate. Thiswould cause a narrow spacing between
rods. The relationship between growth rate (V') and rod spac-
ing (1) for the eutectic growth may be given as follows,??

A2V =K (1)

where, K is a constant determined by the eutectic composi-
tion and the diffusivity of component atoms near the solid-
liquid interface.

Figure 3 shows the relationship between the average A and
the reciprocal square root of growth rate V for the B4,C-TiB,
system. The K value in this system was 8.6 x 107" m3s71,
being almost the same magnitude as those reported for Sn—
Se (1.4 x 1077 m3s™1),29 Ni—Ni3Si (1.0 x 106 m3s~1)20
and Mn-MnBi eutectic system (1.3 x 107 m®s1).2) The
increase of growth rate caused the formation of colony struc-
tureasshowninFig. 4. TiB, phasewasaligned nearly parallel
to the solidification direction in the central region of colonies,
however, the texture was irregular at the boundary.

3.2 Crystal orientation

Figure 5 shows crystal structures of B,C and TiB,. Al-
though B4C belongs to a rhombohedral unit cell structure,
hexagonal expression is often used to indicate the structure
of B4C. The crystal structure of B,C has a three-atom chain,
in which each end atom is bonded to threeicosahedra. B,Cis
constructed from a number of structural unit, including Bo,
B11C, B1oC; icosahedra (predominantly B1;,C), and -C-C—
C-, -C-B—C-and -C-B—B- chains.?>?4 This feature causes
the wide-ranged solid solution of B4C. In spite of the wide
non-stoichiometry, the B4C phase in the B,C-TiB, compos-
ite was stoichiometric (i.e., B/C = 4 in atomic ratio) as shown
later. TiB, has a hexagonal AlB,-type crystal structure.?® It
is characterized by the aternate stacking of hexagonal layers
of titanium and boron atoms.

Figure 6 shows an X-ray pole figure of B,C-TiB, com-
posite for the cross section perpendicular to the growth di-
rection. (110) diffraction of TiB, appeared at the center of
the figure. This indicates that the growth direction of TiB,
phase was (110). The angle between (100) or (010) plane and

Fig. 4 Colony structure at the growth rate of 5.6 x 10~>ms~1. (a) Perpen-
dicular to growth direction, (b) Parallel to growth direction.
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Fig. 5 Crysta structures of B4C (a) and TiB> (b).

(110) plane is 30° in the hexagona unit cell. Two diffrac-
tionsat 30° on the both sides of (110) diffraction are from the
(100) and (010) planes. Therefore, the crystal planes of the
TiB, rods were oriented in parallel with each other since the
diffractions from (100) and (010) planes were appeared. The
angle between the (003)y diffraction (“H” stands for hexag-
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Fig. 7 Schematic diagram for twin boundary of B4C.

ona) of B4C and the center of the pole figure was about
20°. Thisindicates that the c-axis of B4C tilted 20° from the
growth direction. B4C had twin boundaries at (101)4 plane
(i.e., (100) plane in rhombohedral expression)?) as shown in
Fig. 7. The angle between (101)y plane and c-axis is 22°.
Two (003)y diffractionsof B,C were symmetrically observed,
and each diffraction had an angle of 20° from the center of the
pole figure. This suggests the B,C phase should have twin
boundary parallél to the growth direction. Furthermore, two
(003)y diffractions of B,C were symmetric with respect to the
horizontal-axis in the pole figure diagram (i.e., the line pass-
ing (100) and (010) diffractions of TiB,). This indicates that
the twin boundary of B4C was parallel to the (001) plane of
TiB,. The schematics of the crystal orientation for B4C and
TiB, in the B4,C-TiB, eutectic composite are shown in Fig. 8.
The (101)y plane of B4C was parallel to the (001) plane of
TiB, (shaded planes), and the (120)y plane of B4C was par-
allel to the (100) plane of TiB,(colored planes). The (212)
direction of B4C was also parallel to the (010) direction of
TiB..

Figure 9 shows electron diffraction patterns for the B,C—

| (120)g 1 (100)y;g,

" (101)g ) (001)pig,

B,C TiB,

Fig. 8 Schematicsof the crystal orientation for B4C and TiB, in B4C-TiB,
eutectic composites.

TiB, composite. Figures 9(a), (b) and (c) are the electron
diffraction patterns for single phase region of B,C and TiB,,
and interface region between the two phases, respectively.
The (101) and (120) planes of B4C phase were parallel to
the (001) and (100) planes of TiB, phase, respectively. This
result is in agreement with the relationship of the crystal ori-
entations between B,C and TiB, phases obtained by the pole
figure shown in Fig. 8.

3.3 Composition

Boron carbide has a wideranged solid solution (9
20at%C)?" as indicated in Fig. 10. The lattice parameters
change depending on the composition in the single phase re-
gion.?) The lattice parameters of boron carbide in the B4C—
TiB, eutectic composites and monolithic B4C were in agree-
ment with those of literature value® for boron carbide with
20a%C (ay = 0.561nm and ¢y = 1.209nm in hexago-
nal expression). The B/C atomic ratio of the monolithic B,C
measured by chemical analysis was 3.98 4+ 0.06, whichisin
good agreement with the stoichiometric value of 4 (B/C in
atomic ratio). Thelattice parameters of TiB, in the composite
were aq = 0.303nm and ¢y = 0.323nm. These values were
also in agreement with literature values.?

3.4 Electrical conductivity

Figure 11 shows the temperature dependence of electri-
cal conductivity for the monolithic B4C and TiB,, and the
B4C-TiB, eutectic composite. The electrical conductivity
of B4C increased with increasing temperature. This may be
mainly resulted from the increase of mobility as reported el se-
where.”*D The electrical conductivity of TiB, slightly de-
creased with increasing temperature showing metallic behav-
ior. The electrical conductivity of B4C-TiB, composite was
almost independent of temperature, and was intermediate be-
tween those of B4C and TiB,. The electrical conductivity par-
allel to the growth direction (o)) was approximately ten times
greater than that perpendicular to the growth direction (o).

The volume fraction of TiB, phase in the composite was
independent of the growth condition. Thus, the difference
of electrical conductivity among the composites should be
caused by the texture (i.e., arrangement of the B,C phase and
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Fig. 9 TEM diffraction patterns for B4C matrix (&), TiB, phase (b) and
B4C-TiB> phase boundary (c).

the TiB, phase). The electrical conductivities of the compos-
ite parallel to the growth direction (o) and perpendicular to
the growth direction (o) may be calculated from a mixing
law as given by egs. (2) and (3).19

ojcaL = (1 — Ve)oa + Veop )

1/2 11— Vl/z)/vl/z_i_a,l) 1

©)
whereop and o arethe electrical conductivities of the matrix

and the second phase, respectively. Vg isthe volume fraction
of the second phase. Since og > o4, €gs. (2) and (3) can be
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Fig. 10 Phase diagram of boron-carbon system.2”
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Fig. 11 Temperature dependence of electrical conductivity (o).

simplified asegs. (4) and (5).

ojcaL = Veos (4)

orcaL = oall—Va'®) + a3/ A= Vg'?)  (5)

Solid and broken linesin Fig. 11 are calculated values of the
composite for oycaL and o caL, respectively. The tempera-
ture dependence of o was similar to that of TiB, because the
TiB, phasesin the rod shape was almost continuously aligned
to the growth direction. The temperature dependence of o
was intermediate between that of B4C and TiB,, being differ-
ent from that of o, caL . This suggests that the TiB, rods were
also partially connected perpendicular to the growth direction.
At the growth rate of 1.4 x 10~°>ms™1, the TiB, phases could
be amost perfectly connected to the growth direction since
the experimental values (o) were amost in agreement with
caculated values (O’HC/_\L).

The relationships between electrical conductivity and
growth rate are depicted in Fig. 12. Both oy and o, showed
the maximaat 1.4 x 10~°ms™1. At this growth rate, the con-
nectivity of TiB, phases could be better than other growth
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Fig. 13 Temperature dependence of electrical conductivity (o).

rates for both parallel and perpendicular to the growth direc-
tion.

Figure 13 represents the temperature dependence of elec-
trical conductivity for B4,C,5%12 TiB,*9 and B4,C-TiB,
composites.®) The monolithic B,C prepared in this study
showed dlightly greater valuesthan those reported values. The
present values were about four times greater than those of
hot pressed®!V) and CVD*? specimens, and were almost the
same as those of arc-melted specimen.®’ The specimens pre-
pared from melts may have greater conductivity than those
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Fig. 14 Temperature dependence of thermal conductivity ().

from sintering. The electrical conductivity of the monolithic
TiB, prepared in this study had nearly the same magnitude
asthat of literatures.***® The electrical conductivity of asin-
tered B,C-38mol%TiB, composite (density: 99%) was re-
ported by Cai et al 8 The B,CTiB, eutectic compositeinthis
study showed ten times greater el ectrical conductivity than the
sintered compositein spite of the lower TiB, content because
the TiB, phase was one-directionally connected in this study.

3.5 Thermal conductivity

The temperature dependence of thermal conductivity for
B4C, TiB, and B,C-TiB, composite are shown in Fig. 14.
The values of monolithic B,C and TiB, were 20 to
30WKtm~! and 70 to 80 WK ~*m~1, respectively. They de-
creased with increasing temperature. The thermal conduc-
tivity of the composite parallel to the growth direction ()
was greater than that of monolithic B4C, whereas that per-
pendicular to the growth direction (x, ) was smaller than that
of monolithic B4C.

The thermal conductivities parallel () and perpendicular
to the growth direction («_) of the composite may be given
by amixing law as egs. (6) and (7).18:29)

kjcaL = (1 — Ve)ka + Veks (6)

krcaL = kall— Vo) + (ka A — Vg2 V% + kgt

()
where ka and kg are the thermal conductivities of the matrix
and the second phase, respectively. Vg is the volume ratio of
the second phase. A solid and broken linesin Fig. 14 are cal-
culated kcar and « car for the composite. The experimental
values of «; were slightly smaller than that of «jcaL. On the
other hand, the experimental values of «; were much smaller
than that of x,caL. The phonon scattering at B,C/TiB; in-
terface may be small when heat flows parallel to the growth
direction. When the heat flows perpendicular to the growth
direction, the phonon scattering at B4C/TiB, interface may be
significant, which might have caused the decrease of thermal
conductivity.
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Therel ationships between thermal conductivity and growth
rate are depicted in Fig. 15. Both « and «, values at 1.4 x
10~ ms~! were dightly greater than those other growth rates.
Since the connectivity of TiB, rods at 1.4 x 10> ms™! was
better than that of other growth rates for both parallel and
perpendicular to the growth direction as described in 3.4, the
) and k| showed the maxima at this growth rate.

The temperature dependence of thermal conductivities for
B,4C,*630.3D TiB,® and B,C-TiB, composites® are demon-
strated in Fig. 16. The thermal conductivity of the monalithic
B4C in this study was the greatest among the reported val-
ues.*63%:3) gince the monolithic B4C in this study is high
purity single crystal,” there is no phonon scattering at grain
boundary or impurity. The thermal conductivity of the mono-
lithic TiB, sintered body in this study was slightly smaller
than the reported value.’® The density of the sintered TiB,
in the report is 97% whereas that of the TiB; in this study is
88%. Lower density might have caused the smaller thermal
conductivity of TiB; in this study. The thermal conductivity
of sintered B,C-38 mol%TiB, composite (density: 99%) was
reported by Cai et al.,Y) being smaller than that of the com-
posite in this study. The directionally solidified texture could
cause the greater thermal conductivity than sintered compos-
itein spite of the smaller TiB, content (25mol%TiB,).

3.6 Hardness

Theindenter load dependence of Vickers microhardness of
the monolithic B,C and TiB,, and the B4C-TiB, composite,
and the B,C and TiB, phasesin the B,C-TiB, composite are
shown in Fig. 17. The microhardness of the B4,C and TiB;
phasesin the composite were obtained by indenting only B,C
and TiB; phase, respectively. The microhardness of the B,C—
TiB, composite means the average value of 30 points in the
composite indented at random. The hardness commonly in-
creases with decreasing the indenter load. This trend can be
generally observed in the measurement for hard materials.t
The microhardness of the B4,C-TiB, composite was indepen-
dent of the growth rate. The difference of the microhardness
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Fig. 17 Relationship between Vickers microhardness (Hv) and indenter
load.

between parallel and perpendicular to the growth direction
was not observed. With decreasing the indenter load, the
size of indentation became smaller nearly same as the eu-
tectic texture. This caused the relatively large scattering of
the microhardness values. The microhardness of the compos-
ite measured at high indenter loads showed almost the same
value as that of B4C. Figure 18 compares the indenter load
dependence of microhardness for several hard materials. The
results obtained in this study are shown with values of various
ceramics.? The B,C-TiB, composite was almost the hardest
material particularly at high indenter load.
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Fig. 19 A holein B,C-TiB; eutectic composite made by electric discharge
machining.

3.7 Electric discharge machinability

Figure 19 demonstrates the typical example after electric
discharge machining for the B4C-TiB, composite (growth
rate: 5.6 x 10~°> ms™1). The electric discharge machining was
attained for the B4C-TiB, composite.

The work material for the electric discharge machining
should be electrically conductive. Itiscommonly said that the
electrical conductivity of the work material should be more
than 100Sm~1.39 The electrical conductivity of the mono-
lithic B4C used in this study was about 500Sm~t at room
temperature. However, the electric discharge machining of
the monalithic B4C was not possible probably due to the non-
conductive oxide layer formation on the B,C surface. In con-
trast to the monoalithic B4C, stable electric discharge was ob-
served during the machining of B4C-TiB, composite.

4, Conclusion

Directionally solidified B,C-TiB, eutectic composite was
prepared by an FZ method, and following results were
obtained.

(1) The composition of the boron carbide in the compos-
ite was stoichiometric B4C.

(2) TheTiB; phasein arod shape was continuously con-
nected in the composite matrix. The diameter of the TiB, rods
decreased with increasing the growth rate.

(3) The c-axes of TiB, and B4C phases were perpendic-
ular and tilted 22° to the growth direction, respectively. The
(101) and (120) planes of the B4,C werein parallel to the (001)
and (100) planes of the TiB,, respectively.

(4) The anisotropy of electrical and thermal conductivity
were basically explained by a mixing law using the values of
B,C and TiB,.

(5) The microhardness of the composite was almost the
same as that of B4C in the indenter load region more than
IN.

(6) The electric discharge machining of the composite
was achieved due to the enhancement of electrical conduc-
tivity.
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