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ABSTRACT
In this study, boron carbide (B4C) has been effort prepared by using boric acid (H3BO3) as a
boron source, and three types of polymer materials as carbon source (glucose, polyvinyl
alcohol (PVA) and corn starch) by developing the carbothermal process using reduced gas
(H2) flow. Aqueous solutions of boric acid in presence one of the polymers forms astable gel.
Pyrolysis temperature 350°C was used after getting the gel. Then, the pyrolysed product is
calcined at a range of (600 — 900)°C for 2 hours. XRD analyses showed that B,C could be
produced by using boric acid and PVA as raw materials after calcination at 800°C. Also, the
addition of magnesium sulfate into the mixture reactants promoted the reaction and resulted
in an increase in the boron carbide content. The SEM images and particle size distribution
tests showed that the prepared B4
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1. INTRODUCTION :-

Boron carbide (B4C) is an attractive material because ofits extreme hardness, low
density(2.52 g/cm®), high chemicalstability and good wear resistance[Moshtaghioun et al,
2013]. Its hardness comesthird after diamond and cubic boron nitride, but with theadvantage of
being stable at very high temperaturesfMa et al, 2010]. Italso has high cross section for
neutron capture and excellenthigh-temperature thermoel ectric properties|Kakiage et al, 2011].
Thecombination of these properties consequently makes it anattractive material for numerous
applications in microelectronic,nuclear, military, space and medicalapplications/Chang et al,
2006].

Boron carbidepowder can be prepared by a variety of methods. Forexample, commercial
boron carbide powders can easily bemade by carbothermal reduction of boron oxide (B203),
forwhich the overall reaction is given by reaction (1), owing to the low cost ofthe raw materials
(boric acid (H3BO3) or B,O3 as the boron source andgraphite or petroleum coke as the carbon
source)[Kakiage et al, 2011 and Bigdelooand and Hadian, 2009].

2B,03+ 7C —B4C + 6CO 1)

However, this process requires a high synthesis temperature of approximately 2000°C.A
low-temperature synthesis of B4C by carbothermal reductionis expected to be developed by
improving the dispersion of theB,O3 and carbon components. Carbothermal reduction using a
condensed product as a precursor that is made up of boric acid/boric oxide and a polymer
precursor is attractive as a low-temperature method of preparation boron carbide. The
condensed product forms a borate ester (B—O-C) bond by the dehydration condensation
reaction between boric acid and polymers.The B—-O—C bond forming reaction accelerates the
dispersion of boron and carbon sources. Thus the temperature of synthesisis reduced owing to
the enlarged surface-active area between the boric oxide and carbon components with superior
reactivity [Tahara et al, 2013 and Kakiage et al, 2012].

Borate esters with B—-O—C bonds of various polyols, such as glycerin, citric acid, cellulose,
saccharides and poly vinyl alcohol (PVA) have recently been studied as promising precursors
of B4C powders [Kakiage et al, 2011]. These classes of precursors were prepared by a
hydrothermal treatment to promote esterification, and the heat treatment of those precursorsin
an inert atmosphere at 1500-1600°C led to the preparation of carbon-free boron carbide
microcrystals. On the other hand, the heat treatment of borate ester of glycerol as a precursor
above 1300°C in Ar flow yielded a smal amount of boron carbide, which contained a
considerable amount of free-carbon residue even after heat treatment at 1400°C [Yanase et al,
2009].

Studies have researched severa different types of polymer precursors because they have
many advantages. For example, the use of polymer precursors will allow for precise control of
ceramic composition, it can be formed into a desired shape and converted to a ceramic with
possible retention of form, and it can undergo decomposition at lower temperatures allowing
ceramic formation under milder conditions. These advantages all contribute to reducing costs
[Mondaland and Banthia, 2005 and Usluand and Tunc, 2012].

The objective of the present work is to prepare boron carbide powder from boric acid —
polymeric gel precursors at low temperatureby using reduced gas (H») flow during calcination
process with catalyst addition.
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2. EXPERIMENTAL WORK :-

The raw materials used in this research with its manufacturing origins are presented in
Table 1.Boron carbide prepared by using boric acid as a boron source and used three types of
polymericmaterials as carbon source (glucose, polyvinyl acohol (PVA) and corn starch). A
genera flow diagram for the preparation of B4C powder is shown in Fig. 1.

The following steps were carried out for preparing of B4C:
2.1 Preparing Solutions:

e Boric acid solution (2.5 M) was prepared by dissolving boric acid in distilled water at
85°C.

e Glucose solution was prepared by dissolving glucose (10 g) in (100 ml) of distilled water
at 85°C.

e PVA solution was prepared by dissolving PVA (5 g) in (100 ml) of distilled water at 85°C.

e Corn starch solution was prepared by dissolving corn starch (10 g) in (100 ml) of distilled
water at 85°C.

2.2. Mixing Solutions:

e Glucose solution was added to the boric acid solution in hot condition with constant
stirring (250 rpm) in magnetic stirrer for 1 hour. Boric acid and glucose were taken in the
weight ratio of 1.2:1 since this mixture could yield B,O3 and carbon required for the
formation of B4C in the subsequent step shown in reaction (1). The overal reaction
between boric acid and glucose could be represented by reaction (2).

24H3;BO3; +7CgH 1,06 — 6B4C + 36CO + 78H,0 (2)

The temperature increased during the stirring to 110°C to remove excess water. During
evaporation, the temperature of the solution was constantly monitored with the help of a
thermometer placed within the solution through a test beaker. The pH of the solution,
during evaporation, was maintained within the range of 4-5 by adding ammonia solution.
A transparent golden yellow colored gel material was formed.

e PVA solution was added to the boric acid solution in hot condition with constant stirring
(250 rpm) in magnetic stirrer for 1 hour. The weight ratio of boric acid to PVA was 1:2.
The temperature increased during the stirring to 110°C to remove excess water. A white
floppy and rubbery material was obtained. The possible reaction pathway between boric
acid and PV A isrepresented as follows [Mondaland Banthia, 2005].

(I)H C|)—L?H—CH2
B(OH); 4+ %CHz—CHJH— _ 4H2C—HC0—B—O—(|3H—CH% + 3H,O

e Corn starch solution was added to the boric acid solution in hot condition with constant
stirring (250 rpm) in magnetic stirrer for 1 hour. The weight ratio of boric acid to corn
starch was 1:1. The temperature increased during the stirring to 110°C to remove excess
water. A thick white colored gel material was formed.
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2.3. Drying and Pyrolysis:

The formed materials from mixing process have been dried in programmed electrical oven
at temperature 80°C for 3 hours. Then the fragile product was crushed by mortar and pestle to
get powder. In this stage, the obtained powder was pyrolyzed. For this purpose, the
powderswere put in alumina crucibles and heated in a furnace to 350°C and were kept at this
temperature for 6 hours; a heating rate of 5°C/min was applied during the process. After
pyrolysis, a black precursor powders were obtained.

2.4. Calcinations:
The calcination process was done at two conditions:
e First Calcination Condition:

The pyrolysed powders were placed in alumina crucible. The crucible was covered from
top using Kaolin clay. The clay cover contained a small hole for gases releasing. The crucible
was then placed into vacuum tube furnace as shown in figure (2-a). Before starting to heat,
the furnace was evacuated up to 10?2 bar. Argon (Ar) gas was then flushed through the
furnace until reach the pressure in the furnace to the atmospheric pressure. Then the furnace
was evacuated again up to 10 bar. The powders were then heated at different temperatures
(600, 700, 800 and 900)°C, at heating rate 5°C/min for 1 hour. After the reaction was finished
at the desired temperature, the furnace was cooled down to room temperature. During this
process, the pressure in the furnace was maintained at 10 bar.

e Second Calcination Condition:

The pyrolyzed precursor powders were compacted at pressure of 20 MPa in a stainless
steel cylinder (40 mm diameter with 100 mm height) as shown in figure (3). The cylinder was
covered from top and bottom using two stainless stedl lids. The lids contained a central hole
of 10 mm diameter (to ensure inter and release the gases during the calcination process). The
schematic of the used stainless steel cylinder is shown in figure (4). Then the cylinder was
placed in a tube furnace as shown in figure (2-b). Before start to heat, the furnace was
evacuated up to 10° bar. Ultrahigh purity hydrogen (H,) and argon (Ar) gases were then
flushed through the furnace (H, was used as reducing gas while Ar was used as buffer gas).
Ha/Arflux was kept constant at 100/100 ml/min. The precursor powders were then heated at
(800 and 900)°C, at heating rate 10°C/min for 2 hours under H/Ar flowing and the total
pressure in the furnace was kept at 10 bar during the heating process. After the reaction was
finished at the desired temperature, the furnace was cooled to room temperature. During this
process, the pressure in the furnace was maintained at 10°° bar.

2.5. Catalyst Addition:

Magnesium sulfate heptahydrate (MgS0O,4.7H,0) has been added as catalyst to the mixture
solution (2). 10 wt% of MgSO,4.7H,O from total weight of the mixture solution was
dissolved in the minimum volume of deionized water and then added to boric acid solution
during the stirring before adding PV A solution. After addition PVA solution to the solution of
boric acid with magnesium sulphite in the hot condition, the followed processes will repeated
that consist both of drying, crushing, pyrolysis and then heated in the second heating
condition.

2.6.  Milling and Cleaning:
After completion of the reaction, the resultant product was removedfrom the stainless steel
cylinder and then grounded by ball mill to form fine B4,C powders. The product was then
washed with absolute ethanol, dilute hydrochloric acid (10 % HCl agueous solution) and
distilled water, respectively assisted by magnetic stirrer, to remove impurities such as
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Mgs(BOs3)2, B2Os, etc. After drying in vacuum at 60°C for 3 hours, the final gray powder
product was obtained.

2.7.  Characterizations:

The prepared B,C powder was characterized via X-ray diffraction (XRD) using a Phillips
PW3830 (Cu-Ka) powder diffractometer, scanning electron microscope (SEM), energy
dispersive X-ray spectroscopy (EDX) and particle size distribution.

3. RESULTS AND DISCUSSION :-

3.1 X-Ray Diffraction (XRD) of Boric Acid - Corn StarchMixture

Fig. 5-a,b,c and d show XRD patterns of the pyrolyzed powders from boric acid with corn
starch that are prepared in the first calcination condition at temperatures ranged between (600 —
900)°C. It has been shown at 600°C there are no diffraction peaks appear in XRD pattern. At
calcination temperature of 700°C, only one peak of cubic boron oxide (B,O3) at 20 = 27.7°
(310) was observed, corresponding to Joint Committee on Powder Diffraction Standards
(JCPDS) card No. (06-0297). With increasing the calcination temperature until 900°C some
peaks will appear due to increasing crystallinity. All the diffraction peaks in the patterns match
with more the standards peaks of cubic B,O3, 26 values as (14.5°, 27.7° and 39.9°) and notice
some of graphite phase at 26 = 26.4° (002) corresponds to JCPDS card No. (41-1487).

Fig. 6 shows XRD pattern of the pyrolyzed powder from boric acid with corn starch that
was prepared in the second calcination condition at 900°C. The diffraction peaks appear
coincide with those of cubic B,O3; with new peak at 20 = 57.4° (620) and graphite with
hexagonal structurer but with high diffraction intensities, because increase the crystilinity of
the phases is due to lower the atmospheric pressure of the furnace 10 bar and flowing the
Ar/H; gases. In this figure, the peak at 26 = 32.1° (102) is more coincide with that of
hexagonal B,O3 according to JCPDS card No. (44-1085). From all XRD patterns of the
pyrolyzed powders from boric acid with corn starch noticed there are no formation of B,C
from this powder at these conditions. This pyrolyzed powder may be needs more temperature
for complete the chemical reaction rate.

3.2 X-Ray Diffraction (XRD) of Boric Acid - Glucose Mixture

XRD patterns of the pyrolyzed powders from boric acid with glucose that are prepared in
the first calcination condition in temperature ranges between (600 — 900)°C are shown in Fig.
7-a,b,c and d. All diffraction peaks can be indexed for two phases: cubic B,O3 phase with its
peak at 26 values as 14.5° (111), 27.7° (310), 30.6° (222), 39.9° (420) and 54.6° (442), and
hexagonal graphite phase with its peak at 20 values as 26.4° (002) and 44.4° (101). The
intensity of all diffraction peaks increased with increasing the temperature, this satisfies that
the crystallization is obtained at high temperature.

Fig.8 shows XRD pattern of the pyrolyzed powder from boric acid with glucose that was
prepared in the second calcination condition at 900°C. It has been shown that there are three
phases were appeared cubic B,O3, hexagonal graphite and small peaks of orthorhombic boron
carbide (BgC) at 206 = 19.8° (800) and 22.2° (820) according to JCPDS card No. (26-0232).
BsC appearance in XRD pattern indicates either that the amount of carbon was insufficient to
form rhombohedral boron carbide (B4C) or the pyrolyzed powder needs more high temperature
for completing the reaction.

3.3 X-Ray Diffraction (XRD) of Boric Acid - PVA Mixture
Fig. 9-a,b,c and d show XRD patterns of the pyrolyzed powders from boric acid with PVA
that are prepared in the first calcination condition in temperature range between (600 — 900)°C.
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It is clear from calcination temperatures (600 — 800)°C that, samples consist of B,O3 as the
main phase, with small amount of graphite phase. At 900°C, in addition to the presence of both
phases B,O3 and graphite, small peaks of rhombohedral B4C phase are observed at 20 = 19.7°
(101), 23.4° (012), 34.9° (104) and 37.8° (021), corresponds to JCPDS card No. (35-0798).

In the second calcination condition, the XRD patterns for the pyrolyzed powders from boric
acid with PVA are shown in Fig.10-a and b at temperatures of (800 and 900)°C. The figures
show that only three phases B,O3, graphite and B,4C were appeared. Furthermore, it was found
that the diffraction peaks intensities of both graphite and B4C were increased while B,0O3
decreased with increasing cal cinations temperature from (800 to 900)°C. In addition to increase
the reaction rate between B,O3 and graphite at 900°C, it was seen that B,O3 decreased with
comparison with graphite, this refersto volatile of boron at this calcination condition.

Diffraction peaks intensities of B4C were increased and absence of B,O3; phase after
addition magnesium sulfate (MgS0,4.7H,0) as catalyst to the boric acid and PVA mixture as
shown in XRD pattern Fig. 11-a. It can be seen that the addition of magnesium sulfate into the
powder reactants resulted in an increase in the formation of boron carbide because addition of
metallic sulphates as catalyst has been found to reduce the reaction temperature of B4C
formation [Suri et al, 2011]. It is believed that the MgSO,4.7H,O acts as a catalyst and
promotes the reaction by providing the Mg element in the structure of reactant powders that
hasten the reaction rate between boron and carbon. The chemical reaction might occur of the
mixture of B,O3 and C reacted with Mg to produce B,4C as indicated in thefollowing reaction
(2B,03 + 6Mg + G»> B 4C + 6Mg0O). The formation of MgO may be reduced by H, to
produce Mg again as in the following reaction (MgO + H, — Mg + H,0) [Kumar, 2012 and
Alkan et al, 2012].

It is clear from Fig. 11-a, that the formed B4C contains B,O3; and magnesium borate
(Mg3(BOs3)2) as impurities. Mg3(BO3), phase appears at 20=33.5° (121), 40.3° (211) and
41.4° (131), corresponds to JCPDS card No. (38-1475). For removing any impurities and
achieves pure B4C particles, purification was carried out by washing the product powder with
absolute ethanol, dilute hydrochloric acid and distilled water, respectively and assisted by
magnetic stirrer.

Fig.11-b shows XRD pattern prepared B4,C after purification process. The later XRD
pattern of B,C powder will use in followed process in this work. In this work, the B,C powder
was prepared at temperature less than 500°C comparing with previous literatures [Yanase et
al, 2009 and Usluand and Tunc, 2012], that prepared B,C from the same raw materias
(H3sBO3+PVA) but different heating conditions.

3.4 Scanning Electron Microscope (SEM) of Powders

Scanning electron microscopy imaging was conducted for the B,C powder, in order to
observe the morphology of the powder. The resulting SEM image of the prepared B,C powder
(asfrom XRD pattern Fig. 11-b), may be seen in Fig. 12 at different magnifications. Asseenin
this figure, the morphology of the B4C powder particles, however, appears to be much more
evenly distributed. The form seems to be fairly blocky with a few rectangular particles being
scattered throughoui.

3.5 Energy-Dispersive X-ray Spectroscopy (EDX) of B,C Powders

EDX composition analysis of the prepared B,4C is shown in Fig. 13. The composition
mainly contains carbon and boron and a very small amount of oxygen, magnesium and silicon.
Oxygen is probably from B,O3 on the B4C particles. It iswell known that B,C absorbs oxygen
very easily and forms B,O3 on the particle surface. The atomic percentage of B/C of prepared
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B4C in this work was 3.43, while the right atomic percentage, according to molecular weight,
should be 3.6, so there is some of free carbon. The presence of free carbon in the product
suggests that some boron has been lost during reaction. In this case the amount of free carbon
was measured to be about 1.1 at %. The free carbon in the product may have a beneficial effect
on further processing of the powder. It has been reported in the literature that very fine graphite
in B4C powder can act as a sintering aid during consolidation of the powder into high density
particles[Sinha et al, 2002].

3.6  Particle Size Distribution

A particle size distribution analysis is a measurement designed to report information about
the size and range of a set of particles representative of a material.The particle size distribution
of the prepared B4C powder is shown in Fig. 14. The result of the B4C particle size
distribution showed that particles are consisted of (Dv 10 = 0.276), (Dv 50 = 0.460) and (Dv 90
= 0.675) microns.

4. CONCLUSIONS :-

The following remarks are concluded from the preparing of B4C powder which is:

1. Submicron size boron carbide (B4C) powder can be prepared from using boric acid
(H3BO3) and polyvinyl alcohol(PVA) as raw materials at low temperature (800°C) for 2
hours by developing the carbothermal process using a mixture of gases flow (Ar/Hy)
during the calcination process.

2. The obtained B4C powder from this work is composed of particles are nearly equiaxial
with somewhat narrow size distribution having a median size of 460 nm.

3. XRD analyses showed that the boron carbide could be produced after calcination at 800°C
and the addition of magnesium sulfate (10 wt% MgSO,.7H,0) into the mixture reactants
promoted the reaction and resulted in an increase in the boron carbide content and
synthesis of crystalline boron carbide powder with little free carbon.

4. B4C cannot be produced from using boric acid as boron source with corn starch or glucose
as the carbon source at low temperature from using a mixture of gases flow (Ar/H;) during
the calcination process.

Table 1:The used raw materials.

Molecular Purit Physica
Raw materials | Formulation| weight- o y I Origin
g/mol 0 state
Boric acid H3BO3 61.83 99 Solid | Panreac, Spain
Glucose CeH 1206 180.16 99.5 Solid | Panreac, Spain
Polyvinyl acohol| (C,H4O)n 44.5 99 Solid | M.O.H, Germany
Corn starch CesH 1005 162.14 99.8 Solid | Panreac, Spain
Magnesium MgS0O,.7H> . AlfaAesar,
sulfate 0 246.48 99+ Solid England
ARIEEETE HCl 3646 | 10%HCI |Liquid | AlfaAesar,
acid England
Ethanol absolute | C,HsOH 46.07 908 |Liquid| AlfaAes,
England

414



http://en.wikipedia.org/wiki/Carbon�
http://en.wikipedia.org/wiki/Hydrogen�
http://en.wikipedia.org/wiki/Oxygen�

Dr. Mohammed H. AL-Taie
Dr. Fadhil A. Chyad
Dr. Hussein Alaa Jaber
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H;BO; Glucose PVA Corn starch
(H) ©) (P) )
v
- l - Dissolved in Dissolved in Dissolved in
Dissolved in distilled water at | |distilled water at | |distilled water at

distilled water

l 10 wt% 5 wt% 10 \ivt%
Solution Glucose PVA solution Corn Starch
2.5M 80°C solution 80°C 80°C solution 80°C |
I .
Mixed solution Mixed solution | | Mixed solution Stirring
> (1) (H:G=1.2:1) (2) (H:P=1:2) (3) (H:S=1:1) at 110°C
weight ratio weight ratio weight ratio for 1hr
I I T
’ Drying at 80°C for 3 hrs ‘
‘ Crushing ‘
’ Pyrolysis at 350°C for 6 hrs ‘
‘ Calcination at ‘
[
v ¥
(600,700,800,900)°C, Ar, 900°C, Ar/H; flow, at
at pressure 107 bar pressure 107 bar
I [ ,
('/ Added catalyst 10 wt% MgS0O,.7H,O to mixed solution (2) B.C
and repeated the processes (drying, crushing and pyrolysis) lur:lps
‘ Heating at (800,900)°C, Ar/H, flow, at pressure 107 bar ’—»

{

‘ Cleaning F—{ Milling ‘
l Powder evolutions
B4C powders }—» (XRD, EDX, SEM,

particle size distribution)

Figure 1:A general flow diagram for the preparation of B,C powder.
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(b)

Figure 2:Vacuum tube furnace that is used in the,
(a) first calcination condition and
(b) second calcination condition.

Figure 4: schematic of the
stainless steel cylinder (A)
with lids (B) and compact
powder (C).

Figure 3: the used
stainlesssteel cylinder
with lids.
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Figure5:  XRD patterns of samples from (H3;BO3+corn starch) produced under Ar
flow and pressure 10 bar at temperature: (a) 600°C, (b) 700°C,(c) 800°C and (d) 900°C.
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Figure 6: XRD pattern of sample from (H3BO3+corn starch) produced under Ar/H, flow
and pressure 107 bar at 900°C.
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Figure 7: XRD patterns of samples from (H3BO3+glucose) produced under Ar flow and
pressure 10 bar at temperature: (a) 600°C, (b) 700°C,(c) 800°C and
(d)900°C.
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Figure 8: XRD pattern of sample from (H3BO3+glucose) produced under Ar/H, flow and
pressure 10° bar at 900°C.
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Figure 9: XRD patterns of samples from (H3BO3;+PVA) produced under Ar flow and
pressure 10 bar at temperature: (a) 600°C, (b) 700°C,(c) 800°C and

(d) 900°C.
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Figure 10: XRD patterns of samples from (H3;BO3+PVA) produced under Ar/H; flow
and pressure 107 bar at temperature:(a) 800°C and (b) 900°C.
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Figure 11: XRD patterns of samples from (H;BO3+PVA+MgSO,4.7H,0) produced
under Ar/H, flow and pressure 10~ bar at800°C,
before (a) and after (b) purification process.

Figure 12: SEM images with different magnifications of the prepared B,C powder.
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Sum Spectrum
Element| Weight% Atomic%
B 74.45 76.75
C 24.12 22.40
0] 0.92 0.64
Mg 0.18 0.08
S 0.33 0.13
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Figure 13: EDX of the prepared B,C powder.

") Measurement Details

Sample Name Average of 'B4C’ Measurement Date 08/11/2012 10:35:49
‘Operator Name Malvern Analysis Date Time 08/11/2012 10:35:49
Sop Name HydroEV.msop Result Source Averaged
Analysis Model General Purpose Analysis Sensitivity Normal
Scattering Model Mie Result Transformation Type Volume
Specific Surface Area 35.46 m*/g Dv 10 0.276 pm
Particle Refractive Index 2.660 Dv 50 0.460 pm
Dispersant Refractive Index 1.330 Dv 90 0.675 pm
20.09
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Figure 14:Particle size distribution of the prepared B,C powder.

S. REFERENCES :-

Alkan M., Sonmez M. S., Derin B. and Ycel O., "Effect of Initial Composition on Boron
Carbide Production by SHS Process Followed by Acid Leaching”, Solid State Sciences 14, pp.
(1688-1691), 2012.

Bigdeloo J. A. and Hadian A. M., "Synthesis of High Purity Micron Size Boron Carbide

Powder from B,03/C Precursor”, International Journal of Recent Trends in Engineering, Vol.
1, No. 5, 2009.

421



Dr.Mohammed H. et.,al. The Iragi Journal For Mechanical And Material Engineering, Vol.14, No4, 2014

Chang B., Gersten B. L., Szewczyk S. T., Adams J. W., "Towards the Preparation of Boron
Carbide Nanorods by Carbothermal Reaction Method", Technical Proceedings of the NSTI
Nanotechnology Conference and Trade Show, Vol. 1, 2006.

Kakiage M., TaharaN., Yanase |. and Kobayashi H., "Low-Temperature Synthesis of Boron
Carbide Powder from Condensed Boric Acid—Glycerin Product”, Materials Letters, Vol. 65,
Issue 12, pp. (1839-1841), 2011.

Kakiage M., Tominaga Y. Yanase, |. and Kobayashi H., "Synthesis of Boron Carbide Powder
in Relation to Composition and Structural Homogeneity of Precursor Using Condensed Boric
Acid—Polyol Product", Powder Technology, Elsevier, 2012.

Kumar R.,"Development and Validation of TwoDimensional Mathematical Model of Boron
Carbide Manufacturing Process’, M.Sc. thesis, Department of Materials Engineering, Indian
Institute of Science Bangalore, India, 2006.

MaQ. C., Zhang G. J., KanY. M., XiaY. B. and Wang P. L., "Effect of Additives Introduced by
Ball Milling on Sintering Behavior and Mechanical Properties of Hot-Pressed B,C Ceramics’,
Ceramics International, Vol. 36, Issue 1, pp. (167-171), 2010.

Mondal S. and BanthiaA. K., "Low—Temperature Synthetic Route for Boron Carbide”,
Journal of the European Ceramic Society 25, pp. (287—291), 2005.

Moshtaghioun B. M., Herndndez F. L. C., GarciaD. G., Martin S. d. B., Rodriguez A. D.,
Monshi A., Abbasi M. H., "Effect of Spark Plasma Sintering Parameters on Microstructure and
Room-Temperature Hardness and Toughness of Fine-Grained Boron Carbide (B4C)", Journal
of the European Ceramic Society 33, pp. (361-369), 2013.

Uslu I. and Tunc T., "The Synthesis of Boron Carbide Ceramic via Electrospinning
Technique', J. Inorg. OrganometPolym.22, pp. (183-189), 2012.

Sinha A., Mahata T. and Sharma B. P., "Carbothermal Route for Preparation of Boron Carbide
Powder from Boric Acid-Citric Acid Gel Precursor”, Journal of Nuclear Materials 301, pp.
(165-169), 2002.

Suri A. K., Subramanian C., Sonber J. K. and Murthy T., "Synthesis and Consolidation of
Boron Carbide: A Review", International Materials Reviews, Maney Publishing, Vol. 55, No.
1, 2010.

Tahara N., Kakiage M., Yanase |., Kobayashi H., "Effect of Addition of Tartaric Acid on
Synthesis of Boron Carbide Powder from Condensed Boric Acid-Glycerin Product”,Journal of
Alloys and Compounds 573, pp. (58-64), 2013.

Yanase |., Ogawara R. and Kobayashi H., "Synthesis of Boron Carbide Powder from
Polyvinyl Borate Precursor”, Materials Letters 63, pp. (91-93), 2009.

422


http://www.sciencedirect.com.tiger.sempertool.dk/science/journal/0167577X�
http://www.sciencedirect.com.tiger.sempertool.dk/science/journal/0167577X/65/12�
http://www.sciencedirect.com.tiger.sempertool.dk/science/journal/0167577X/65/12�
http://www.sciencedirect.com.tiger.sempertool.dk/science/journal/0167577X/65/12�
http://www.sciencedirect.com/science/article/pii/S0272884209002934�
http://www.sciencedirect.com/science/article/pii/S0272884209002934�
http://www.sciencedirect.com/science/article/pii/S0272884209002934�
http://www.sciencedirect.com/science/article/pii/S0272884209002934�
http://www.sciencedirect.com/science/article/pii/S0272884209002934�
http://www.sciencedirect.com/science/journal/02728842�
http://www.sciencedirect.com/science/journal/02728842/36/1�
http://www.ingentaconnect.com/content/maney/imr;jsessionid=57lk7qlh346fh.alexandra�
http://www.ingentaconnect.com/content/maney;jsessionid=57lk7qlh346fh.alexandra�

	1
	2

