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Studies on the formation of whiskers
and platelets of B4,C and BN
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The formation of whiskers and platelets of B,C and BN has been studied through
carbothermal reduction of B,O3. In the absence of any additive, neither whiskers nor
platelets have formed from B,03 and carbon black. K;CO3; which forms a low melting liquid
and NiCl, which act as catalyst in gasification of carbon were used to facilitate the growth
of whiskers and platelets. NiCl,, K,CO3, carbon black and B,03; were reacted in a weight
ratio (NiCl,:K,C0O3:C:B,03 = 5:5:12:17.4) and studied the formation of B,C and BN in the
temperature range of 940°C to 1500°C in 1-atm. argon and 1-atm. nitrogen respectively.
Whiskers and platelets of different sizes have formed at 1100-1500°C. The whiskers have
been observed to form by vapor-liquid-solid growth mechanism. The effect of NiCl, and
K>,CO3 on the morphology of B,C and carbon has been studied. NiCl, and K,COs have been
found to accelerate the growth of whiskers and platelets.
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1. Introduction

Whiskers are used to reinforce metallic, ceramic, and
polymeric materials. Though ceramic whiskers have
been synthesized with a variety of chemistries, includ-
ing SiC, AIN, TiC, TiN, SizN4, B4C, and Al,O3, the
most developed and commercial whiskers are those
based on SiC [1]. Al,O5 reinforced with 25-30 wt%
SiC whiskers is the material of choice for inserts used in
high-speed cutting of high-nickel-content alloys. Cut-
ting speeds of up to 450 m/min with reasonable life
times could be achieved [2]. The superior behavior of
the Al,03-SiC composite is not observed when ma-
chining steels. Recently attempts were made to develop
other whisker materials that are more chemically sta-
ble than SiC and suitable for cutting stainless steel [3].
Whisker materials with different thermal expansion co-
efficients are required to reinforce different metallic
materials.

The development of new whisker materials has fo-
cussed mainly on carbides, nitrides and carbonitrides
of transition metals such as Ti, Ta, and Nb [4-7]. There
are few reports [8—13] on formation of TiC and TiN
whiskers. Nygren et al. [8] used TiO;, carbon, and MCI
(M =Li,Na, or K) as raw materials, and Ni as a catalyst.
TiN whiskers were formed in nitrogen, whereas argon
is used for TiC whiskers. Recently, Krishnarao et al.
reported a process involving vapor-liquid-solid (VLS)
growth mechanism for the formation of TiC [12] and
TiN [13] whiskers. However, not much attention has
been paid to produce boride whiskers particularly TiB,
and B4C whiskers. TiB; and B4C are very useful re-
fractory compounds with outstanding hardness, excel-
lent wear resistance and high strength. B4C is a light-
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weight (2.52 g cm™3), and very hard (microhardness
2840 Kg mm~2) high temperature refractory material
with a melting point 2447°C. It exhibits high flexural
strength (380 MPa) and Young’s modulus (574 GPa). It
possesses a moderate co-efficient of thermal expansion
573 x 107°° K1

B4C is known to retain its hardness up to a tem-
perature of 1300°C in a reducing atmosphere [14].
It is highly resistant to erosion and abrasion [15].
Typical applications of B4C are light-weight armor,
high-temperature thermoelectric conversion elements,
sliding bearings, seal rings, and wear parts such as
nozzles. Chapmam et al. [16] developed aluminium
boron carbide cermet brake pads for automotive brake
applications. In contrast to asbestos or semimetallic
brake materials, Al-B-C has very high strength, stiff-
ness, hardness and thermal conductivity.

There are few reports [17-19] on the growth of B4C
whiskers and filaments. Zhang et al. [20] reported a
process for the growth of B4C nanowires and arrays
of nanoparticles by plasma-enhanced chemical vapour
deposition. Recently Carlsson et al. [21, 22] reported
a carbothermal reduction process for synthesis of TiB,
and B4C whiskers. They [22] used B,03, and carbon
as basic raw materials. Metallic powders of Co/Fe/Ni
were used to form liquid catalyst to grow B4C whiskers
by VLS mechanism. NaCl was used to supply Co and
B as CoCls(g) and BOCI(g) to catalyst liquid droplet.
More recently, Krishnarao et al. [12, 13, 23] reported
a process involving vapor-liquid-solid (VLS) growth
mechanism for the formation of TiC, TiN and TiB,
whiskers. Similarly in the present work, K,CO3; which
forms a low melting liquid, NiCl, which is well known
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TABLE 1 Purity of reactants used for synthesis of B4C and BN

Chemical Manufacture Impurity level
K,CO3 Johnson Matthey, Sr 3 ppm
U.K., England Mg, Na 1 ppm
Ca,Fe,Li <1 ppm
NiCl, Qualigens Fine SO4 0.005%
Chemicals, Ltd., Co 0.002%
Mumbai, India Fe 0.002%
H3BO3 Qualigens Fine SOy 0.04%
Chemicals, Ltd., Cl 0.01%
Mumbai, India Pb 0.002%
As 0.0001%
C. Black Philips Carbon Black Grade N220, ISAF-HM

Durgapur, India

as a catalyst in carbon gasification, were used to aid the
formation of B4C and BN whiskers. Where as B,03,
and carbon black were used as precursor raw materials
for the synthesis of B4C and BN.

2. Experimental procedure

2.1. Materials

Laboratory reagent grade NiCl, was supplied by
Qualigens Fine Chemicals, Bombay-400075, India.
Specpure K,CO3; was procured from Johnson Matthey
Chemicals Limited, Hertfordshire, England. Carbon
black of grade N774 was obtained from Philips Car-
bon Black Ltd., Durgapur, India. B,O3 was prepared
from SQ grade boric acid obtained from Qualigens Fine
Chemicals, Mumbai, India.The level of impurities in
above chemicals is given in Table 1.

2.2. Experimental

Initially, 12 g of carbon black and 17.4 g of B,0;
were taken in a plastic container and dry mixing
using agate balls was done for 5 h. This mix-
ture was designated as CB. No whisker formation
was noticed in the CB samples reacted in argon at
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Figure 1 XRD patterns of NKCB after reaction in argon at different temperatures.
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Figure 2 XRD patterns of NKCB after reaction in nitrogen at different temperatures.
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different temperatures. In the next mixture K,CO3 and
NiCl, were added to aid the formation of whiskers.
NiCl,, K,COs3, carbon black and B,O3; were taken
in weight ratio (NiCl,:K,CO3:C:B,03 = 5:5:12:17.4).
Its equivalent molar ratio is (NiCl,:K,CO3:C:B,03; =
0.15:0.144:4:1). Initially 5 g of K,CO3 and 174 g
of B,O3 were taken in an agate container and mix-
ing using agate balls was carried out for 5 h. 5 g of
NiCl,; and 12 g carbon black were added and mixing
was continued for another 5 h. This powder mixture
was designated as NKCB. After reviewing the results
three more mixes were prepared to study the effect of
potassium and nickel on the morphology of carbon and
boron. NiCl,, K,COj3, carbon black and B,O3; were
taken in weight ratio similar to that of NKCB. These

three-component mixes are designated as NKC, KCB,
and NCB.

Cylindrical graphite holder of 2.5-mm wall thickness
and 40-mm inner diameter was filled with the pow-
der mixture. The holder was closed with a graphite
lid having a small hole allowing exchange of gasses
between reactants and furnace chamber. The graphite
reactor (sample holder) was placed in the hot zone of
high-temperature graphite resistance furnace (ASTRO,
U.S.A., Model 1000-3060-FP20). The furnace was
evacuated to a moderate vacuum (5 x 1072 torr) and
back filled with 1 atm. argon or 1 atm. nitrogen. Ex-
periments were conducted at 940, 1100, 1200, 1300
and 1500°C for 40 min. Temperature was maintained
with a Model 939A3 Honeywell radiation pyrometer.

Figure 3 SEM photographs showing the morphology of: (a) CB reacted
in argon at 1500°C, (b) and (c) NKCB reacted in argon at 1100 and
1200°C respectively.

Figure 4 SEM photographs showing the morphology of NKCB reacted
in argon at: (a) 1300°C, (b) 1500°C and (c) vapor-liquid-solid grown
whisker formed at 1300°C.
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Heating rate employed was ~40°C min~!. The samples
of NKC, KCB, and NCB were reacted at 1300°C in
argon.

Reacted samples were analysed by X-ray diffrac-
tion (XRD). A Philips X-ray diffractometer, Model
PW3710, with CuK,, radiation through Ni filter was
used. The morphology of the reacted powders was
examined with a Leo 440i, scanning electron micro-
scope (SEM). Scanning electron probe microanaly-
sis (SEPMA) was carried out with CAMECA (model
CAMEBAX-MICRO, France) equipment.

3. Results and discussion

After reaction at 940°C in argon/nitrogen samples ap-
peared like unreacted dried powders. After reaction at
1200°C and above 1200°C, they formed fluffy sponge
like cake. All samples except CB samples contained
glittering particles. Peaks corresponding to B4C were
observed in all samples of CB and NKCB after reac-
tion at different temperatures in argon (Fig. 1). Peaks of
strong intensity corresponding to graphitic carbon were
also observed. The intensities of B4C peaks increased
with increase in reaction temperature. However, the in-
tensities of B4C peaks of CB samples were lower than
that of NKCB samples. In the XRD patterns of NKCB
samples reacted in nitrogen, peaks corresponding to BN

were observed (Fig. 2). In BN samples peaks of strong
intensity corresponding to graphitic carbon were also
observed. The intensities of BN peaks increased with
increase in reaction temperature from 1100 to 1500°C.

The morphology of samples after reaction in Ar at
different temperatures is shown in SEM photomicro-
graphs (Fig. 3). Neither whiskers nor platelets were
observed in the CB samples reacted at different temper-
atures. The typical morphology of particulates of B4C
formed in CB sample is shown in Fig. 3a. After reaction
at 940°C, the NKCB sample appeared like unreacted
mass. Whisker formation was observed in the NKCB
sample reacted at 1100°C. Typical vapour-liquid-solid
(VLS) whiskers formed at 1100 and 1200°C are shown
in Fig. 3b and c. At higher reaction temperature (1300
and 1500°C) thick and long platelets were formed
(Fig. 4a and b). The formation of whiskers and platelets
increased with increase in reaction temperature from
1100 to 1500°C.

The presence of potassium and nickel in the spheri-
cal tip (Fig. 4c) of whisker was identified through en-
ergy dispersive X-ray analysis (EDAX). Since the de-
tection of boron through EDAX was difficult electron
probe micro-analysis (EPMA) was used. The typical
B4C platelet formed at 1300°C is shown in BSE image
in Fig. 5a. EPMA analysis of the platelet revealed the
presence of boron and carbon. Nickel was observed in
bright spherical particles only (Fig. 5d).

Figure 5 EPMA analysis of B4C platelet formed in NKCB after reaction in argon at 1300°C: (a) BSE image, (b), (c) and (d) X-ray maps of boron,
carbon and nickel respectively.
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Figure 6 SEM photographs showing the morphology of NKCB after
reaction in nitrogen at: (a) 1200°C, (b) 1300°C and (c) 1500°C.

The morphology of NKCB samples after reaction
in nitrogen at different temperatures is shown in SEM
photomicrographs (Fig. 6). After reaction at 940°C it
appeared like unreacted mass. Whisker formation was
observed in the sample reacted at 1200°C. At higher
reaction temperature (1300 and 1500°C) thick and long
platelets were formed (Fig. 6b). Typical VLS whiskers
and platelets formed at 1500°C are shown in Fig. 6c.

The VLS whisker of BN formed at 1300°C was anal-
ysed trough EPMA (Fig. 7a). EPMA analysis of the
whisker revealed the presence of boron and nitrogen.
Nickel was observed in bright spherical particles only
(Fig. 7d).

The XRD patterns of NKC, KCB, and NCB reacted
at 1300°C in argon revealed the effect of nickel and
potassium on carbon and boron (Fig. 8). In the pres-
ence of potassium and nickel the carbon black, which
is basically amorphous, is converting into graphitic car-
bon. When B,03 is added B4C is forming in the KCB
system. In the NCB system, peaks of B4C as well as
graphite were distinctly identified. From XRD patterns
of NKC and NCB it is clear that nickel in combina-
tion with K is very effective in forming the graphitic
carbon and B4C. From SEM analysis neither whiskers
nor platelets were found in the NKC sample. Few very
thick platelets and whiskers were seen in KCB sample
(Fig. 9a). In NCB sample also whiskers and platelets
were observed (Fig. 9b).

From the above results the formation of B4C/BN
whiskers can be explained as follows: The over all re-
actions of carbothermal reduction of B,O3 to form B4C
or BN are

2B,03 + 7C — B4C 4 6CO (1)
2B,03; + 6C 4 2N, — 4BN 4 6CO (ii)

When potassium and nickel are present in the system
more complicated reactions take place. In CB sam-
ples no whiskers or platelets were formed (Fig. 3a).
When K,CO3; was added few thick B4C platelets were
formed in KCB sample. However, no whiskers were
seen in KCB (Fig. 9a). K,COj3 dissociates into K,;O
and CO, at 891°C. K,O can form a thin liquid layer
around other particles and react with it. The important
role of potassium is formation of a low melting lig-
uid. For the precipitation of B4C crystal, continuous
supply of boron and carbon to the liquid droplet is re-
quired. K,COj3 alone could not accelerate the formation
of platelets/whiskers. So the intensities of B4C peaks
were low in the KCB sample (Fig. 8). The intensities
of B4C peaks of NCB sample were higher than that of
KCB sample.

This could be due to the catalytic affect of nickel
in gasification of carbon. In the presence of NiCl, and
B,03 acomplex K-Ni-B liquid droplet could form. This
is confirmed from EPMA and EDAX analyses. Nickel
increases the availability of carbon as CO and facil-
itates the growth of whiskers from a complex liquid
droplet. The catalytic effect of nickel in carbon gasifi-
cation is well known [24]. Iron, cobalt and nickel act
as strong catalysts in gasification of carbon in carbon-
carbon dioxide reaction [25], and in water vapor and
hydrogen [26]. By introduction of metal atoms into the
carbon structure, more carbon monoxide is produced.
So more quantity of CO is available in presence of
nickel. Further, chlorine available from NiCl, reacts
with B,O3 to form BCL.

B,03 +3C 4+ 2Cl — 2BC1 4 3CO (iii)

Thus CO and BCI are continuously supplied to the
complex liquid droplet of K-Ni-B. So large number
of whiskers and platelets were formed in NKCB sam-
ples. From SEM photographs (Figs 3 and 6) it is clear
that whiskers were formed at low reaction temperatures

6267



Figure 7 EPMA analysis of BN whisker formed in NKCB after reaction in nitrogen at 1300°C: (a) BSE image, (b), (c) and (d) X-ray maps of boron,

nitrogen and nickel respectively.
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Figure 8 XRD patterns of NKC, KCB, and NCB after reaction in argon at 1300°C.

up to 1200°C. At and above a reaction temperature
of 1300°C the formation of platelets was a predomi-
nant phenomenon. Neither whiskers nor platelets were
observed in the absent of K,CO3 or NiCl, (Figs 3
and 9). These results show that platelets have also
formed by VLS growth mechanism. The reason for
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the formation of platelets at higher temperatures could
be high rate of reaction and formation of large quan-
tity of complex liquid. It appears that the formation of
platelets can be avoided by decreasing the quantities of
K,COj3 and NiCl,. Further studies are required to es-
tablish optimum conditions to form either whiskers or



Figure 9 SEM photographs showing the morphology of: (a) KCB and
(b) NCB after reaction in argon at1300°C.

platelets. By incorporating these whiskers/platelets into
ceramic/metal matrix their properties can be evaluated.

4. Conclusions

The formation of B4C and BN through carbothermal
reduction of B,O3 has been studied in the temperature
range of 940 to 1500°C in 1-atm. argon and 1-atm.
nitrogen respectively. B,O3 and carbon black were used
as source of boron and carbon. K,COj3 and NiCl, were
used to aid the formation of whiskers and platelets.
NiCl,, K,COj3, carbon black and B,O3 were reacted in
a weight ratio (NiCl,:K,CO3:C:B,03 = 5:5:12:17.4).
Whiskers and platelets of different sizes have formed
at 1100-1500°C. The whiskers have been observed to
form by a vapor-liquid-solid growth mechanism. The
effect of nickel and potassium on the morphology of
B4C and carbon has been studied. NiCl, and K,COs3
have been found to accelerate the formation of whiskers
and platelets.
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