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Abstract

Using boron carbide (B4C) and boron nitride (here refers to hexagonal BN) as reactants, a series of boride-containing ceramic
composites, mainly in the present work zirconium diboride-containing composites including zirconium diboride—zirconium carbide
(ZrB,—ZrC), zirconium diboride—zirconium nitride (ZrB,—ZrN), zirconium diboride-silicon carbide (ZrB,-SiC) and zirconium
diboride—aluminum nitride (ZrB,—AIN) were prepared by in situ reactive hot pressing. The features and the development mechan-
isms of the composite microstructures were characterized and modeled. The obtained zirconium diboride-containing composites
demonstrated high bending strength. In addition, some general problems such as transformation between B4C and BN and ther-
modynamics of using B4C and BN as reactants were also briefly discussed.
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1. Introduction

Boride ceramics are important materials, include (1)
B4C with low density and extreme tribological proper-
ties used as wear-resistant materials or armor, and
nuclear characteristics used as neutron absorber. (2) BN
with high hardness in its cubic type (c-BN) used as cut-
ting tool material or excellent thermal shock resistant
and lubricant characteristics in its hexagonal type (h-
BN) used as high temperature refractory or lubricating
material. (3) TiB, and ZrB, with high hardness, corro-
sion resistance to chemicals or molten metal and elec-
trical conductivity used as cutting tools and electrodes.
In addition, they also demonstrate good ballistic per-
formance. Other borides, such as superconductor
MgB,, has attracted much attention from researchers
very recently.

Boride-containing ceramic composites show better
properties over monoliths through careful design.!~!?
For example, the toughness of SiC ceramics can be
improved by adding TiB, or ZrB, particles through
particulate toughening mechanism and the oxidation
resistance of TiB, or ZrB, ceramics can be enhanced by
adding SiC particles. The mechanical properties of TiB,
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can also be improved by the addition of ZrO, through
transformation toughening mechanism.?

Boride-containing composites can either be produced
by sintering of the mixed powders of component phases
or synthesized based on some reaction sintering pro-
cesses. ZrB,—ZrC composites were produced by the
directed reaction of molten Zr to the B4C preform!'3 and
Ti-B—C composites were prepared by the transient
plastic phase processing using Ti and B4C as reac-
tants.'*!> AIN-TiB, composite was synthesized from
the AI-Ti-BN reaction system!® and SiC-TiB, compo-
site was prepared by the reaction of Si, Ti and B4,C.'” In
this article we will discuss three items concerning the
reaction synthesis of boride-containing composites
using B4C and BN as reactants: thermodynamic analy-
sis, transformation between B4C and BN, and the
microstructural features of the obtained composites
with ZrB, composites as examples.

2. Thermodynamic consideration
2.1. Transformation between B,C and BN
The thermodynamic calculations of the phase equili-

bria in the B-C-N-O system have been well per-
formed.!® It is pointed out that B4C is only stable at
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high temperatures and BN is stable over a large tem-
perature range in nitrogen atmosphere. Manufacture of
B4C powder is in general conducted in argon atmos-
phere.!® The nitridation reaction of B4C in N, atmo-
sphere is:

B,C(s) + 2N»(g) — 4BN(s) + C(s) (1)

According to the thermodynamic data,?® we can calcu-
late out the enthalpy of reaction (1) at standard
condition to be AH°,3=-940.98 kJ, indicating
reaction (1) to be an exothermic reaction. The free
enthalpy AG°(T) function in the temperature range of
298~2200 K is as follows:

AGS = Ao — TAS® = —940980 + 341.215T  (J)

We can see that AG°t is a large negative value in the
experiment temperature range demonstrating the thermo-
dynamic possibility of the reaction (7=2485 °C when
AG°7=0). The equilibrium N, pressure Py for reaction
(1) at different temperature can be calculated out from:

AGS = —RTLnKp = —RTLnPg3 = 2RTLnPy;,

For example, Pn>=1.69x1073 Pa at T=1200 °C,
Pn>=1.12 Pa at T=1500 °C and Pn>=1.26x103 Pa at
T=2000 °C. It can be seen that B4C changes to BN very
easily in N, atmosphere. For reaction bonded silicon
nitride (RBSN), B4C has been utilized to generate volume
expansion during its nitridation process to fill the residual
pores in RBSN for achieving dense ceramic body.?!-??

2.2. In situ formation of BN from reactions between
B,C and solid state nitrogen-bearing reactants

As mentioned above, B4C can change to BN in N,
atmosphere. Moreover, it can react with solid state
nitrogen-bearing components to form BN in Ar or N,
atmosphere. For example, SiC-BN composites can be

SisN4 + B4C + 2C = 3SiC + 4BN @)

The free enthalpy AG°(T) function in the temperature
range of 298~2200 K is as follows:

AGy = AH5gg — TAS® = —415888 +43.846T ()

The reaction is exothermic and thermodynamically
possible. However, due to the reaction process being
closely related to the decomposition process of SizNy, Ar
atmosphere is beneficial to the completion of the reaction.?
The in situ formed h-BN flakes are homogeneously and
isotropically distributed in the SiC matrix.?® By the way, a
similar reaction?” do not exist for producing the relative
TiC-BN composite because that the actual reaction will
be 4TiN + B4,C+ C=2TiC +2TiB, + 2N,.

2.3. Reactions containing B,C and BN as reactants

Many boride-containing ceramic composites can be
synthesized by using B4C and BN as reactants. Some of
these reactions are listed in Table 1. It can be seen that
except for reaction (11), the reactions are highly exo-
thermic and satisfy the thermodynamic conditions for
self-sustaining combustion process (7,4=>1800 K and
AH°595/Cpo95 > 2000 K).?® It means that these composites
can be produced by self-propagating high-temperature
synthesis (SHS) based on thermodynamic consideration.
On the other hand, if reactive hot pressing (RHP) is
being used to prepare dense blocks of these composites,
heating rate should be controlled to prevent the reactions
from becoming self-sustaining. In general, a heating rate
of slower than 10 °C/min is selectable.

3. Experimental procedure

The starting powders used for preparing SiC-BN
composite were SizNy4 (E-10 grade, particle size 0.5 pm,

synthesized through the following reaction:?3-24 Ube Industries, Yamaguchi, Japan), B,C (F1 grade,
Table 1
Reactions and thermodynamic data
Reaction Enthalpy Free enthalpy AH®98/Cpa8 Adiabatic
AH595 (J) AG*° at 1500 K (J) (K) temperature 7,4 (K)
(3) 3Ti+B4,C=2TiB, + TiC —680 402 —613 665 5560 3193 (TiB, mp)
(4) 3Zr+B4C=2ZrB, + ZrC =779 144 —718 609 5798 3323 (ZrB, mp)
(5) 3Ti+2BN=TiB, +2TiN —452 961 —407 289 3824 2650
(6) 3Zr+2BN =ZrB, +2ZrN —551 284 —511 498 4269 3138
(7) 2Ti+ Si+ B4C=2TiB, + SiC —569 526 —509 429 4935 2696
(8) 2Zr+ Si+B4,C=2ZrB, +SiC —655 716 —596 171 5317 3094
(9) Ti+2Al+2BN=TiB, +2AIN —413 631 —321 929 3959 2268
(10) Zr +2A1+2BN =ZrB, +2AIN —456 726 —365 300 4212 2464
(11) 2Ti+3Si+4BN =2TiB, + Si3Ny —300 078 —279 866 1595 1320
(12) 4.5Ti+B4C+BN=2.5TiB, + 2TiCy sNg 5 —906 883 —817 310 4994 3067
(13) 4A1+ 3TiO, + 2BN = 2AL,0; + TiB, + 2TiN —988 179 —796 361 3574 2303 (ALO; mp)
(14) 4A1+ 3TiO, + B,C = 2A1,0; + 2TiB, + TiC —121 562 —1002 737 4335 2423
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mean particle size 1 um, Denki Kagaku Kogyo, Ltd.,
Tokyo, Japan) and C (26004# grade, particle size 13 nm,
Mitsubishi Chemical, Tokyo, Japan) and those used for
preparing ZrB,-containing composites were Zr (particle
size < 50 um, High Purity Chemicals Laboratory, Saitama,
Japan), Si (particle size <50 um, High Purity Chemicals
Laboratory, Saitama, Japan), Al (mean particle size 3 pm,
High Purity Chemicals Laboratory, Saitama, Japan), B,C
(F1 grade) and BN (SP-2 grade, mean particle size 4 um,
Denki Kagaku Kogyo Co.Ltd., Tokyo, Japan).

The morphologies of the starting powders for preparing
ZrB,-containing composites are shown in Fig. 1. For Zr
and Si powders, although most of the particles are
smaller than 10 and 5 um, respectively, there are some
large particles with about 50 um in particle size. The mean
particle size of B4C powder is small, but the particle size
distribution is very broad and there are many large
particles of about 5 um. For BN powder, most of the
particles are finer than 1 pm except for some large flakes
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with a diameter of less than 10 um. Obviously, the
particle sizes of the non-metallic reactants are smaller
than those of the metallic reactants. The morphologies
of the starting powders for preparing SiIC-BN composite
have ever been illustrated in a previous paper.?*

The stoichiometric powders according to reactions
(2), (4), (6), (8) and (10), respectively, were mixed in
ethanol with ZrO,(Y,05) balls for 24 h in a plastic bot-
tle and then dried. The composites were produced by
reactive hot pressing in a graphite die with BN coating
at 2000 °C for SiC-BN composite and 1900 °C for
ZrB,-containing composites, respectively, under 30
MPa for 60 min in an Ar atmosphere. The dried mixed
powders were placed into a cold graphite die and loaded
to 20 MPa before increasing the temperature. Below
1100 °C the furnace was kept at a vacuum of about 10~#
torr. Then Ar gas was inlet into the chamber up to 1.3
atm. Since the reactions are exothermic with large
enthalpies of reaction, slow heating rate (10 °C/min)

Zak U X1, 800  10mm

Fig. 1. Morphologies of the starting powders for preparing ZrB,-containing composites.
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Table 2

Calculated phase compositions, phase compositions determined by XRD, measured relative densities and strength of the obtained composites by RHP

Composite Calculated phase Phase composition Relative density Bending strength
composition determined by XRD (TD%) (MPa)
(vol.%)
SiC-BN 46.29:53.71 B-SiC, t-BN 70.6 56.4+7.2
ZrB,-7ZrC 70.73:29.27 ZrB,, ZrC 98.4 452.34+45.1
ZrB-ZrN 38.03:61.97 ZrB,, ZrN, a little ZrO, 100.8 581.7+34.9
ZrB,-SiC 74.85:25.15 ZrB,, B-SiC 96.9 547.8+33.5
ZrB-AIN 42.42:57.58 ZrB,, AIN 99.1 562.7+39.9
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Fig. 2. XRD pattern (Cuk, radiation) of the obtained SiC-—BN com-
posite.

was adopted for preventing the reaction from becoming
self-sustaining. For preventing the molten aluminum or
silicon from moving out of the die at high temperatures,
the pressure was started at 1550 °C and gradually
increased to 30 MPa before the temperature reaching
1900 °C.

The obtained products had diameters of 25 mm and
thicknesses of 6 mm. After removing the surface layers
by gringing, phase composition was determined by
X-ray diffraction (XRD) using CuKk, radiation. The
density was tested by water displacement method. Density
values of 3.22 g/cm? for SiC, 2.27 g/cm? for BN, 6.09 g/
cm? for ZrB,, 6.73 g/cm? for ZrC, 6.97 g/cm? for ZrN
and 3.26 g/cm? for AIN were used in the calculation of
the theoretical densities of the obtained composites.
Specimens for strength measurement were cut from the
products and then ground with diamond wheel (600 grit
size) along the longitudinal direction of the specimens.
The four edges of specimens were beveled using 1000
grit diamond wheel. The three-point bending strength
was measured on bars with dimensions of 2.5x3x20
mm. The span was 16 mm and the crosshead speed was
0.5 mm/min. The strength data were an average of three
measurements. The fracture surfaces of the composites
were observed by a scanning electron microscopy (SEM,
JEOL JSM-5600 at 20 kV) or a field emission scanning
electron microscopy (FE-SEM, JEOL JSM-6330F at

zakut X3¢, 886 8. Snm
. O

Fig. 3. Microstructure of the SiC-BN composite observed by SEM.

15 kV). The crystalline grains were determined by
energy dispersive X-ray spectrometry (EDX).

4. Results and discussion
4.1. Results

The calculated phase compositions in volume percen-
tage, the phase compositions determined by XRD, the
measured relative densities and bending strength of the
obtained composites are listed in Table 2. The obtained
SiC-BN composite showed low strength because of the
low relative density. On the other hand, however, the
ZrB,-containing composites exhibited high strength.

4.2. In situ formation of BN

The relative densities of the obtained SiC-BN com-
posite are 70.6%TD. From the previous results, dense
composites can be manufactured with the addition of
liquid phase-forming sintering aids such as Al,Oz—
Y»03.?° From the XRD pattern of the composite shown
in Fig. 2 it can be seen that the phase composition is in
accordance with the product of the reaction (2). Fig. 3
shows the microstructure of the composite. We can find
that the obtained composite demonstrates very fine and
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homogeneous microstructure. The in situ formed BN
and SiC particles are in quasi-spherical shape. The rea-
son for the quasi-spherical shape of BN is considered to
be the nonexistence of liquid phase forming sintering
additives. Our previous work has pointed out that liquid
phase forming sintering additives, such as Al,O3—Y,03,
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Fig. 4. XRD patterns (CuK,, radiation) of the obtained ZrB,-contain-
ing composites prepared by RHP: (a) ZrB,—ZrC composite; (b) ZrB,—
ZrN composite; (c) ZrB,—SiC composite; (d) ZrB,—AIN composite.

(c) ZrB,-SiC

WD 3

can enhance the growth of BN flakes by recrystalliza-
tion of the formed turbostratic BN (t-BN).?°

4.3. ZrB>-containing composites

Among these four ZrB,-containing composites, the
ZrB,—SiC composite showed the lowest relative density
and the ZrB,~ZrN composite showed the highest rela-
tive density. Owing to the difference between the calcu-
lated and the actual phase composition, there should be
some error in relative density such as the data of over
100% for the ZrB,~ZrN composite. Fig. 4 shows the
XRD patterns of the composites prepared by RHP.
Except that there exists a small amount of ZrO, phase
in ZrB,~ZrN composite, the main phase compositions
in the obtained products are in accordance with the
correspond reactions. The appearance of ZrO, in ZrB,—
ZrN composite is suggested to be from the small
amount of B,Oj3 existed in BN starting powder.

The microstructures of the composites are demon-
strated in Fig. 5. It can be found that the micro-
structures are very different among these composites
although the same Zr powder was used. In ZrB,—ZrC
composite, there are large ZrC agglomerates sur-
rounded by fine ZrB, and ZrC particles. However, the
microstructure of the ZrB,~ZrN composite is very fine

8868 _ 1omm
A Y

Fig. 5. Microstructures of the obtained ZrB,—containing composites observed by SEM or FE-SEM: (a) ZrB,—ZrC composite showing the large ZrC
agglomerates; (b) ZrB,~ZrN composite showing the fine and homogeneous microstructure; (¢) ZrB,~SiC composite indicating the existence of large
ZrB, agglomerates (white) and small SiC particles (gray); (d) ZrB,~AIN composite demonstrating the fine and homogeneous microstructure (white is

ZrB, and gray is AIN).
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and homogeneous although we could not distinguish
the grains of ZrB, and ZrN. In ZrB,—SiC composite,
there are many large ZrB, agglomerates (the white
phase is ZrB, and the gray one is SiC) with the particle
size level of Zr starting powder. On the other hand,
however, the microstructure of ZrB,—AIN is very fine
and homogeneous (the white phase is ZrB, and the gray
one is AIN).

There are many factors affecting the microstructures
of the in situ reaction synthesized composites, such as
particle size of starting powders, heating and applied
load programs, atmosphere, reaction mechanisms
including formation of transient phases, reaction kinet-
ics including diffusion coefficients of the component
atoms or ions, and phase composition of the final

(b)yM'+ M"+BX — M'B+M"X

Fig. 6. Schematic illustration of the microstructural features of the
obtained ZrB,—containing composites. ZrB,~ZrC and ZrB,~ZrN
composites correspond to the case I and 11, respectively. ZrB,—SiC and
ZrB,~AIN composites correspond to the case III and 1V, respectively.
The dotted circles in case I represent the size of Zr starting powder
(outside one) and the agglomerate size of ZrC (inside one), respec-
tively. The dotted circles in case III represent the size of Zr starting
powder, also the size of ZrB, agglomerates.

obtained composite. In the present case, the same Zr
starting powder, the same Ar atmosphere and totally
same heating and applied load programs were used.
Thus, different reaction mechanisms and kinetics should
have resulted in the different microstructures of the
composites. In Zr—-B4C system for preparing ZrB,—ZrC
composite, due to the diffusion coefficient of carbon
being much faster than that of boron in zirconium, only
carbon can reach the center of the large Zr particles and
results in the micrograph with large ZrC agglomerates
surrounded by fine ZrB, and ZrC particles. In Zr—-BN
system for preparing ZrB,—ZrN composite, although we
could not find available data for the diffusion coefficient
of B and N in Zr, we infer that the diffusion coefficient
of N is smaller than that of C but close to that of B.
Accordingly, homogeneous microstructure can be
obtained by the inter-constraint of grain growth of the
formed two phases. Abnormal grain growth of ZrB,
and ZrN can also be effectively restrained.3°

In Zr-Si-B,4C system for preparing ZrB,—SiC compo-
site, due to the B and C from B,4C diffuse to Zr and Si,
respectively, the formed microstructure demonstrates
the features of the particles of the starting reactants. On
the other hand, however, due to the melting point of Si
being as low as 1414 °C, the formed SiC agglomerates
are small. In addition, the solubility of Si in Zr or Zr in Si
is very small,3! thus the re-distribution of Zr and Si by
solution process is not remarkable although some SiC
particles can be found in the large ZrB, agglomerates [see
Fig. 5(c)]. Moreover, it is suggested that there is not
enough time for the diffusion of Si into Zr to form tran-
sient phase of zirconium silicides during the RHP process.

In Zr-Al-BN system for preparing ZrB,—AIN com-
posite, Al will melt at temperature as low as 660 °C and
the maximum solubilities of Al in a-Zr and B-Zr are as
large as 11.5 and 26 at.%, respectively.’! Accordingly,
re-distribution process of Zr and Al is remarkable in
this system, thus fine and homogeneous microstructure
can be obtained. Fig. 6 shows the schematic illustration
of the microstructural features of the obtained compo-
sites. ZrB,—ZrC and ZrB,~ZrN composites correspond
to the case I and 11, respectively, in Fig. 6(a). Actually, it
can be realized that ZrB,—ZrC composite with fine and
homogeneous microstructure could be synthesized by
using Zr powder with fine particle size. ZrB,-SiC and
ZrB,-AIN composites correspond to the case III and
IV, respectively, in Fig. 6(b). It can be noticed that the
agglomerate size in case III should be larger than that in
case I. The same as for the ZrB,—ZrC composite, fine
and homogeneous microstructure in ZrB,—SiC compo-
site could be obtained by using fine Zr starting powder.
It should be pointed out that the actual reaction pro-
cesses and microstructural development mechanisms
may be much complicated than those illustrated here,
for example, in case IV the M’+M” should include
either solution or intermetallics. Moreover, in all cases
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transient phases should exist and the appearance of
those phases are dependent on the heating program.

5. Summary

Thermodynamics, transformation between B4C and
BN, and the microstructural features of the boride-con-
taining composites with ZrB, composites as examples
using B4C and BN as reactants are discussed. These in
situ reactions are highly exothermic and satisfy the
conditions for self-sustaining combustion process, thus,
if RHP is being used to prepare dense blocks of these
composites, heating rate should be controlled to prevent
the reactions from becoming self-sustaining. Although
the same Zr powder with large particle size is used, the
obtained composites ZrB>—ZrC, ZrB,—ZrN, ZrB,-SiC
and ZrB,~AIN by RHP show very different micro-
structures. An explanation and a schematic micro-
structure development mechanism based on the reaction
and diffusion process were proposed. ZrB,—ZrC and
ZrB,—SiC composites with fine and homogencous
microstructures should be produced by using fine Zr
starting powder. A similar mechanism might also exist
in TiB,-containing composites synthesized by using Ti,
Si, Al, B,C and BN as reactants.
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