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bstract

he previously reported model that accounts for the formation of the core-rim structure in reaction-bonded boron carbide composites (RBBC) is
xpanded and validated by additional experimental observations and by a thermodynamic analysis of the ternary B–C–Si system. The microstructure
f the RBBC composites consists of boron carbide particles with a core-rim structure, �-SiC and some residual silicon. The SiC carbide particles
ave a polygonal shape in composites fabricated in the presence of free carbon, in contrast to the plate-like morphology when the initial boron
arbide is the sole source of carbon. In the course of the infiltration process, the original B4C particles dissolve partly or fully in molten silicon, and
local equilibrium is established between boron carbide, molten silicon and SiC. Overall equilibrium in the system is achieved as a result of the
recipitation of the ternary boron carbide phase B12(B,C,Si)3 at the surface of the original boron carbide particles and leads to the formation of the

im regions. This feature is well accounted for by the “stoichiometric saturation” approach, which takes into account the congruent dissolution of

4C particles. The SiC phase, which precipitates form the silicon melt adopts the �-allotropic structure and grows preferably as single plate-like
articles with an {1 1 1}� habit plane. The morphology of the SiC particles is determined by the amount of carbon available for their formation.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Reaction-bonded boron carbide (RBBC) is the product of
he infiltration process of a green boron carbide compact with

olten silicon.1–6 Infiltration can take place in or without the
resence of free carbon, giving rise to different morphologies
f the silicon carbide particles.3 Silicon carbide particles have
polygonal shape in the composites, fabricated in the pres-

nce of free carbon and a plate-like morphology when boron
arbide is the sole source of carbon. Lately, it was reported
hat the plate-like β-SiC particles provide improved mechani-
al properties to the composites.7 The core-rim structure of the
oron carbide particles in RBBC has been described previously.3

he formation of the rim region with composition that corre-

ponds to the ternary B12(B,C,Si)3 phase, was attributed to the
issolution-precipitation process.3,8–10 The core-rim structure
s of common occurrence in composites, fabricated by powder

∗ Corresponding author. Fax: +972 8 647941.
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etallurgy, when liquid and solid phases are involved in the
volution of the microstructure.

The presence of the core-rim structure was observed in
etal–ceramic systems containing complex carbide or car-

onitride phases partly soluble in a liquid metal11–13 and
n metal–metal tungsten-based composites after liquid phase
intering.14,15 Different mechanisms have been put forward
n the literature in order to explain this microstructural
eature.11,14,16–22 The formation of the core-rim structure in a
olid–liquid system is attributed to the partial dissolution of orig-
nal particles in the liquid and precipitation of a new solid phase
t the surface of the initial particles. The driving force for contin-
ous mass transfer through the liquid phase may be attributed to
he difference in particle size (“Ostwald ripening” mechanism)
r to the composition change that takes place in the solid follow-
ng its dissolution and subsequent precipitation with an altered
omposition.
The Ostwald ripening mechanism does not always lead to
he formation of the core-rim structure. It does only if the
omposition of the solid phase undergoes a change during the
issolution process14,16 or if a component of the liquid finds its

mailto:nfrage@bgu.ac.il
dx.doi.org/10.1016/j.jeurceramsoc.2009.09.021
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Table 1
Details of the samples infiltrated with liquid Si.

Sample type Average particle size, �m Carbon addition

A
B
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ay in the newly precipitated ceramic phase.17,18 Most often a
hange of the composition of the original solid phase involves
solid phase diffusion process, the rate of which is generally

ow and is unlikely to take place, at least, in ceramic phases with
trong covalent bonds. The incorporation of a component of
he liquid phase into the precipitated ceramic phase is the more
ikely process whereby a rim region is formed around the orig-
nal ceramic particles. Such process has been observed to take
lace in the course of the microstructural evolution in TiC-steel
omposites19 and in silicon infiltrated reaction-bonded boron
arbide.3 The formation of a layered rim region was discussed
y Chen et al.11 The authors suggested that the inner layer is
ormed as a result of the precipitation of a new phase under
uasi-isothermal conditions, as long as the original ceramic
hase is in contact with the liquid. The outer layer is formed
uring the solidification process with decreasing solubility of
he components in the liquid. The inner layer is formed as a
esult of congruent or stoichiometric ceramic phase dissolution
n the liquid and its re-precipitation with a different composi-
ion, as determined by equilibrium requirements. Chen et al.11

lso discarded the alternative option of a solid-state diffusion
nduced formation of the inner layer because the diffusion rate
n the covalently bonded solid is too low.

A similar mechanism for the evolution of a core-rim struc-
ure has been discussed in connection with various geological
ystems. At solid solution-aqueous solution (SS-AS) interfaces
he composition of a solid phase remains invariant due to kinetic
estrictions20–22 and a partial equilibrium between a liquid and
multi-component solid phase, referred to as “stoichiometric

aturation”23 is established.
In the present study the mechanism of microstructural evo-

ution during RBBC composites fabrication with and without
he presence of free carbon, namely the core-rim structure for-

ation and the different morphologies of β-SiC, formed as a

esult of the interaction of liquid Si with boron carbide or with
ree carbon, are discussed based on the previous experimental
bservations and on the results of a thermodynamic analysis of
he ternary B–Si–C system

5
p
n
w

ig. 1. (a) XRD pattern of the starting boron carbide powder and the type-A compo
oron carbide particles have a core-rim structure of B4C cores, surrounded by a 3–7 �
100 No
100 5 wt.%

5 No

. Experimental procedure

Three sets of samples denoted A, B and C (Table 1) were
abricated from commercial boron carbide powder (Mudanjiang
brasives and grinding tools co., People Republic of China, 95%
urity). The specific properties of this powder were reported in
ur previous work.24 Preforms of 20 mm diameter and 3 mm
eight were uniaxially compacted (25 MPa). Five wt. % free
arbon was added to the porous preforms of type-B samples by
nfiltration with an aqueous sugar solution (50:50). The infil-
rated preforms were dried and heat treated at 773 K in order
o pyrolize the sugar. The preforms were infiltrated with sili-
on (Alfa Aesar, 99.9999%) in a vacuum furnace (10−5 torr) at
723 K for 15 min. The infiltration was carried out by placing
n appropriate amount of silicon lump on the top of the porous
reforms.

The microstructure of the samples was studied by scan-
ing electron microscopy (SEM, JEOL-35) in conjunction with
n energy-dispersive spectrometer (EDS) and by transmission
lectron microscopy (TEM, JEOL-2010). The samples for the
EM characterization were prepared using a standard metal-

ographic procedure that included a last stage of polishing by
�m diamond paste. In order to put in evidence the differ-
nce between the rim and core regions, the samples underwent
lectro-chemical etching in a KOH solution. The samples for
EM examination were prepared as follows: 1 mm thick foils
ere cut using a 0.4 mm thick diamond saw and ground down to

00 �m. Disks of 3 mm diameter were drilled with a copper drill
ipe and 40 �m diamond paste, ground down to 70 �m thick-
ess, and polished to 30 �m thickness. The perforation stage
as carried out using GatanTM-precision ion polishing system.

site, (b) SEM micrograph (back scattered electrons) of type-A composite, the
m thick B12(B,C,Si)3 envelope.
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Fig. 2. (a) XRD plot of type-C composite, notice the total absence of the B

he phase composition and the structure of the samples was
etermined by X-ray diffraction (XRD), using a Rigaku RINT
100 diffractometer with Cu K� radiation. The scanning angle
θ was increased in 0.02◦ steps.

. Experimental observations

.1. Core-rim structure of the boron carbide particles

According to the results of XRD analysis (Fig. 1a), the
nfiltrated type-A and B composites consist of two clearly dis-
inct boron carbide patterns with different lattice parameters,
-SiC and residual silicon. The diffraction spectrum with the

arger lattice parameter corresponds to the ternary B12(B,C,Si)3
ompound.25 The microstructure of the sample revealed the
ore-rim structure of the boron carbide particles, with B4C cores
eing surrounded by a 3–7 �m thick B12(B,C,Si)3 envelope
Fig. 1b).

In the XRD patterns of type-C composites, which had
een fabricated using compacted preforms consisting of 5 �m

nitial particles, only diffraction peaks corresponding to the

12(B,C,Si)3,SiC and Si components were observed. Notewor-
hy, the total absence of the initial boron carbide diffraction
eaks, suggesting that the initial particles had completely trans-

3

i

Fig. 3. SEM (secondary electrons) images of the bulk regions in th
flections. (b) SEM (secondary electrons) micrograph of type-C composite.

ormed into the new B12(B,C,Si)3 phase. It is also noteworthy,
hat the average particle size of the newly formed ternary car-
ide phase was about the same as that of the initial boron
arbide particles (Fig. 2). In our previous communication [3],
he preforms had been also prepared from 5 �m size powder
hat had undergone, prior infiltration, an intermediate sinter-
ng treatment. During the sintering stage the boron carbide
articles size increased to 10 �m and after infiltration the core-
im structure was observed.3 According to Hayun et al.26, the
issolution–precipitation process takes place at the initial stage
about 10 min) of the interaction between original boron carbide
articles and molten silicon and generates a 5–7 �m thick rim
hat maintains a nearly constant thickness. The complete trans-
ormation of the type-C composite into the ternary carbide phase
an be accounted for by the rim maintaining a thickness of the
rder of the initial powder size. In composites, fabricated form
he partly sintered preforms and with an average grain size larger
han 10 �m, some original boron carbide grains subsisted and
as detected by XRD analysis along with the presence of the
ew formed ternary carbide.
.2. The morphology of the silicon carbide particles

Two distinct morphologies of the β-SiC phase were observed
n RBBC and are related to the carbon source. In the presence

e composites without (a) and with (b) free carbon addition.
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ig. 4. SEM image of the chemical etched (HF–NHO3) the bulk regions sampl
learly apparent.

f free carbon in the boron carbide preform, β-SiC adopts a
olygonal shape (Figs. 3b and 4b), while in the absence of free
arbon, SiC particles display a plate-like shape (Figs. 3a and 4a).

The TEM micrograph of the polygonal β-SiC grain in the
BBC composite, fabricated in the presence of free carbon,

evealed that this type of grains is built by mutually bonded
late-like particles (Fig. 5). The structure of the plate-like β-
iC particle is heavily twinned as is that of the plate-like β-SiC
articles, in composites fabricated in the absence of free carbon

ddition (Fig. 6). A further structural analysis confirmed that the
late-like β-SiC preferably grows as a single plate with {1 1 1}β

rowth habit plane.

ig. 5. TEM micrograph of polygonal β-SiC particles. These particles con-
ist of several plate-like particles mutually bonded. The contour line marks the
olygonal β-SiC particle.
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hout (a) and with (b) free carbon addition. The morphology of the SiC phase is

. Discussion

The formation of the core-rim structure of the original
oron carbide particles has been discussed in a previous
ommunication3 and was attributed to the “Ostwald ripen-
ng” mechanism. However, this mechanism fails to explain the

icrostructure of type-C composite, fabricated from fine boron
arbide particles, where most of the boron carbide particles
ransformed into the B12(B,C,Si)3 phase.

This experimental observation required the necessity for a
ifferent mechanism in order to explain the core-rim structure
nd the boron carbide transformation mechanism. We suggest
hat this mechanism is most likely identified with the above-

entioned “stoichiometric saturation” approach, which can be
ccounted for by a thermodynamic analysis of the B–C–Si sys-
em.

.1. Thermodynamic analysis of the B–C–Si system

Analysis of phase equilibria in the B–C–Si system involves
he description of the ternary B12(B,C,Si)3 carbide phase, which
as treated as a solid solution of Si in boron carbide. Unfortu-
ately, the information about the solubility of Si in boron carbide
s very limited. According to Werheit et al.27 and Telle8 the max-
mal solubility of Si in boron carbide at 2323 K is about 2.5 at.%.
oujard et al.28 has conducted a thermodynamic assessment of

he B–C–Si system at 1400 K, without taking into account the
ormation of the ternary carbide phase. An attempt to take into
ccount the silicon solubility in boron carbide was performed by
asper,29 who suggested that Si2 units are incorporated in the

inear chains of the boron carbide lattice.27 This model allowed
asper29 to calculate relatively high temperatures isothermal

ections of the ternary B–C–Si phase diagram and to achieve
ood agreement with the experimental results reported in.8 In
rder to calculate the isothermal section at the infiltrating tem-
erature, the thermodynamic parameters of solid and liquid
olutions in the ternary B–C–Si system, in the present work, were
aken form Kasper29 and extrapolated to 1753 K. The isothermal

ection calculated using the Thermo-Calc software30 is pre-
ented in Fig. 7 and is used for discussing the microstructural
volution in the RBBC composites. Initially, the porous boron
arbide body with a green density of about 60% is fully infiltrated
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Fig. 6. TEM micrograph of plate-like β-SiC particles in samples i

ith molten silicon. The nominal atomic starting composition
f the system 63 at. % B, 16 at.% C and 21 at.% Si (before any
nteraction) corresponds to the point A in Fig. 7. This point lies
n the dashed line, which connects the silicon corner of the

sothermal section with the point corresponding to B4C, namely
o the boron-to-carbon ratio equal to 4. The point A is located
ithin the three-phase region: Si–B–C liquid solution, SiC and

ig. 7. Isothermal section of the B–C–Si phase diagram at 1753 K. The relevant
wo and three- phase regions are marked out in the isothermal sections.
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absence of free carbon. These particles consist of stacks of twins.

12(B,C,Si)3. Thus, if equilibrium conditions were achieved,
ll original boron carbide particles should convert into the new
12(B,C,Si)3 phase that contains a certain amount of silicon.
ctually, the system does not reach equilibrium, because the
ew B12(B,C,Si)3 phase precipitates at the surface of the initial
oron carbide particles, forms the rim region, which acts as a
arrier and prevents the continuous dissolution of the boron car-
ide. As mentioned above, boron carbide does not change its
omposition during the dissolution stage, due to diffusion con-
trains and, therefore, initially only partial equilibrium between
ilicon melt and B4C is established. The overall equilibrium
onditions corresponding to the isothermal section (Fig. 7) are
chieved when precipitation of the B12(B,C,Si)3 phase takes
lace. The compositions of the liquid for both the partial and the
verall equilibrium as well as the driving force for the rim region
ormation may be estimated using the calculated isothermal

.2. Core-rim structure formation mechanism

Since boron carbide is a covalently bonded solid, its com-
onents diffuse at an extremely low rate, it dissolves, therefore,
ongruently, e.g. without any compositional changes. The boron
oncentration in the melt as a result of the congruent dissolu-
ion of boron carbide was calculated using thermodynamic data
or the reaction B4C = 4[B] + [C], where the brackets denote the

lements dissolved in liquid silicon. The calculated value for
his partial equilibrium in the system is equal to 8.0 at.% B. At
he same time, the boron content in the melt, which is in equi-
ibrium with SiC and the ternary B12(B,C,Si)3 phase is about
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Table 2
The activities the components of ternary phase calculated using the Thermo-30

Calc Software.

Component Component activity in
B4C (aI

i )
Component activity in
B12(B,C,Si)3 (aII

i )

C
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ig. 8. The silicon rich corner of the isothermal section (1753 K) of the stable
–C–Si phase diagram.

.6 at.% (Point 2 in the silicon rich corner of the isothermal sec-
ion, Fig. 8). Thus, the congruent dissolution of boron carbide
rovides the required over-saturation for the ternary carbide for-
ation. The precipitation of the silicon containing boron carbide

hase B12(B,C,Si)3 enables the establishment of overall equilib-
ium conditions in the system. The precipitation of the ternary
arbide phase takes place at the interface of the original boron
arbide particles and leads to the formation of the rim regions.
he precipitation stops only when the liquid reaches the new
quilibrium composition corresponding to the point 2 in Fig. 8.
he dissolution–precipitation process continues as long as the

iquid is in contact with the original boron carbide particles.
The driving force for the “stoichiometric saturation” can be

stimated on the basis of the difference in the solubility of
oron in molten silicon, in equilibrium with B4C and with the
12(B,C,Si)3 phase, respectively. The part of the isothermal sec-

ion close to the point B corresponding to the ternary carbide
hase is presented in Fig. 9. The exact composition of this phase
s B12C1.99Si0.037.

Partial equilibrium between the liquid, B4C and SiC is

eached when 8 at.% boron is dissolved in the liquid. The sol-
bility of B in molten silicon in equilibrium with B12(B,C,Si)3
nd SiC (point 2, Fig. 8) is about 6.6 at.%. Taking into account

ig. 9. Part of the isothermal section (1753 K) close to the point B corresponding
o the composition of the ternary carbide phase.
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0.0205 0.0202
0.2107 0.1789

i – 0.9

he composition of the ternary carbide and values of the activi-
ies (aI

i ) of its components (Table 2), the difference in the free
nergy of formation per 4 moles of boron can be calculated as

�GII
formation(B4C0.667Si0.012) − �GI

formation(B4C)

= RT ln
(aI

B)
4
(aI

C)

(aII
B )

4
(aII

C )
0.667

(aII
Si)

0.012 = −9166 J/mole (1)

For comparison, the driving force for Ostwald ripening pro-
ess was also estimated. According to Gibbs–Thompson, the
hange of the chemical potential �μ of spherical particles rel-
tive to a flat interface as a function of particle size may be
xpressed as

μ = −Vm

2γls

r
(2)

here Vm and γ ls are the molar volume and the liquid–solid
nterface energy, r is the particle radius. Assuming that
ls = 0.02 J/mole31 and molar volume of boron carbide
m = 2.19 × 10−5 m3/mole, the change of the chemical potential

or type A, B, and C composites, as the average particle size var-
ed from 1 to 100 �m is in the −0.576 to −8.76 × 10−3 J/mole
ange. The driving force for the “stoichiometric saturation” is
ignificantly higher than that for the Ostwald ripening process.
hus, in the boron carbide-silicon system, the “stoichiometric
aturation” is the most likely mechanism that stands behind the
ore-rim structure formation.

.3. Morphology of SiC particles in the reaction-bonded
omposites

According to the experimental observation the morphology
f the new formed β-SiC phase depends on the carbon source. In
he composites fabricated with free carbon additions, polygonal
hape SiC particles were observed, while in the composite where
nly boron carbide was the source of the carbon, most of β-SiC
articles have a plate-like shape. It was also confirmed by TEM
nalysis that in both cases the SiC particles consist of a single
late with {1 1 1}β growth habit plane.

The mechanism of the reaction between liquid silicon and
ree carbon and the morphology of a new formed SiC phase
as been widely discussed.32–37 Fitzer and Gadow38 and Li and
ausner34 have suggested a two-stage mechanism for the inter-
ction. At an initial stage, carbon dissolves in liquid silicon and
fter that heterogeneous nucleation and growth of a two dimen-
ional continuous β-SiC layer on the carbon surface takes place.

hen the thickness of the β-SiC layer on the graphite interface
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ig. 10. SEM micrograph (secondary electrons) of RBSC composite. The com-
osite was fabricated using an aqueous sugar solution as a source of free carbon.
he new SiC layer precipitates on the initial SiC particles.

eaches several micrometers, the growth rate slows down and
urther increase in the layer thickness is controlled by solid-state
iffusion. The β-SiC phase usually grows in plate-like shape and
isplays a strong anisotropic nature (twins and stacking faults
evelop only on one set of (1 1 1) planes. This feature was dis-
ussed by Moberlychan et al.39 and was attributed to the growth
ate being slower perpendicular to the planar surfaces.

The mechanism of the SiC formation during reaction bonding
f the silicon carbide (RBSC) based composites was discussed
y Pampuch et al.40 and by Ness and Page.33 It was suggested
hat similar to the system without initial SiC particles36,38 at the
nitial stage of the interaction, carbon dissolves in the silicon

elt. This dissolution provides a gradient of carbon concen-
ration between the dissolution site and original SiC particles.
arbon diffuses to the surface of the SiC carbide particles and
eterogeneous precipitation of newly formed SiC takes place.
s a result of these processes, the specific microstructure of

he RBSC composites is formed (Fig. 10). Moreover, Ness and
age33 pointed out that the formation of the β-SiC phase in
BSC composites always starts as finger-like particles, which

ransform to the plate-like shape and finally broadening to the
olygonal shape.

In reaction-bonded boron carbide composites fabricated in
he presence of free carbon, two carbon sources are available
or SiC formation. Moreover, as mentioned in Section 4.1, the
olubility of carbon in the silicon melt at equilibrium with SiC is
xtremely low and does not depend on the carbon source. Never-
heless, in the vicinity of boron carbide particles the conditions
or SiC formation are different from that for free carbon particles.
s was discussed above, carbon and boron dissolve from boron

arbide particles into the silicon melt and precipitation of SiC
nd B12(B,C,Si)3 phases takes place. The ternary carbide phase
recipitates at the surface of the original boron carbide particles
ia a semi-coherent interface3 and competes with SiC for the
arbon atoms. The silicon carbide particles are nucleated within

he melt only up to the stage at which the dissolution of boron
arbide in the molten silicon raises the concentration of boron
o its solubility limit. At this point, the ternary B12(B,C,Si)3
ompound starts to precipitate at the carbide/melt interface and
eramic Society 30 (2010) 1007–1014 1013

orms the rim regions. Further growth of the SiC nuclei is con-
rolled by the available amount of carbon, which is significantly
ower than in the vicinity of free carbon particles. These par-
icles are commonly a product of the pyrolisis of carbon-rich
rganics, have a sponge-like structure with extremely high spe-
ific surface. Thus, a large number of SiC nuclei are formed at
he carbon/liquid interface. These nuclei start to grow as plates,
hich coalesce and form the SiC/SiC grain boundaries within

he polygonal SiC particle by the mechanism similar to that for
he RBSC composites.

Based on the described above mechanisms of SiC formation,
e suggest that the available amount of carbon is a key factor that
etermines the morphology of the β-SiC phase. If only boron
arbide is the carbon source, the amount of carbon is limited,
he β-SiC particles adopt a plate-like shape (Figs. 3a and 4a.).
f free carbon is present in the green body and other phases do
ot compete with SiC, most β-SiC particles achieve a polygonal
hape (Fig. 3b and 4b).

. Summary

The microstructure of reaction-bonded boron carbide com-
osites (RBBC) consists of core-rimmed boron carbide
articles, β-SiC and residual Si. The core-rim structure in
he reaction-bonded boron carbide composites is due to the
issolution-precipitation process, most likely by the “stochio-
etric saturation” mechanism. In the course of the infiltration,
olten silicon is saturated with boron and carbon and, as a con-

equence, a secondary equilibrium ternary boron carbide phase
B12(B,C,Si)3), containing some silicon, is formed along with
iC particles in the melt. The newly formed equilibrium phase,
12(B,C,Si)3, precipitates at the interface of the initial boron
arbide particles and forms the rim regions. According to the
EM analysis, the β-SiC phase single plate-like particles pre-
ipitate form the silicon melt preferably with the {1 1 1}β habit
lane. The available amount of carbon for SiC formation dur-
ng the process stands behind the different morphology in the
omposites fabricated with and without free carbon additions.
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