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Boron carbide (B4C) synthesis from a polymeric precursor is an alternative to a traditional carbothermal reduction, promising 
low energy consumption and production costs, particularly for a polymeric precursor such as polyvinyl borate (PVBO). 
The sol-gel technique is preferred in the production of polymeric precursors owing to its convenience in producing single-
source reactants for synthesizing B4C at low temperatures (< 1800 °C). The sol-gel parameters, such as the composition, 
viscosity, and pH, affect the formation of the polymeric precursor. In this study, industrial-grade partially hydrolyzed PVA 
and technical-grade boric acid (H3BO3) are used to produce PVBO. We aim to specify the viscosity and pH values for 
different ratios of PVA:H3BO3. A sample with a weight ratio of PVA:H3BO3 of 1:1 (PHD101) is determined to have the 
optimum process parameters. Calcination is performed between 500 °C and 700 °C for 1-3 h to produce a single-source 
reactant, which consists of boron oxide (B2O3) and carbon. It was observed that B2O3 was distributed on the nano-scale level 
in the carbon matrix. The reactant is heat-treated at 1400 °C for 5 h and crystalline, polyhedral, and irregular B4C particles 
are synthesized at low temperatures from industrial grade raw materials.

INTRODUCTION

 Boron carbide (B4C) is among the most preferred 
ceramic materials for defense, abrasion, and nuclear 
applications. It is a highly effective armor material 
owing to its engineering properties, such as hardness 
(HV = 29.1 GPa), density (d = 2.52 g∙cm-3), and abrasion 
resistance [1-3]. Specifically, it is the one of the hardest 
materials, and it is the hardest material at temperatures 
exceeding 1100  °C. The nuclear absorption capability 
of the 10B isotope (at a cross section of 400 - 750 b) has 
led to the use of B4C in control rods, neutron shields, 
and detectors in nuclear reactors [1-7]. Furthermore, 
B4C is a chemically inert material and has an acceptable 
oxidation resistance below 1000 °C, enabling its use as 
a coating material [2, 5, 8, 9]. However, it has inferior 
fracture toughness (3.7 MPa∙√m) [10]. On the other 
hand, its lower diffusion coefficient and strong covalent 
bonding structure limits the sinterability of B4C [11-13]. 
Therefore, it is crucial to densify the B4C powder at 
elevated sintering temperatures (> 2000 °C) using a hot-
press and pressureless sintering to achieve the maximum 
theoretical density and superior mechanical properties of 
the resulting B4C ceramics [2, 4, 14]. 
 Boron carbide can be synthesized using existing 
methods, including a carbothermal reduction, magnesio-
thermic reduction, chemical vapor deposition, synthesis 

from elements, solvothermal reductions, and synthesis 
from polymeric precursors [2, 4, 15-23]. A conventio-
nal carbothermal reduction method is commonly used in 
commercial electric arc-furnace systems [24]. However, 
this method is extremely expensive and ineffective for 
the production of B4C owing to  its high production 
temperature (> 2000 °C), difficult-to-control stoichio-
metry, free remaining carbon, necessary finishing pro- 
cesses (such as grinding and leaching to resolve conta-
mination), and long processing time [2, 4, 23-25, 26]. 
Other synthesis methods, such as a magnesiothermic 
reduction and chemical vapor deposition, are not cost-
effective at an industrial scale. For these reasons, B4C 
synthesis using a polymeric precursor has emerged as an 
alternative method to a carbothermal reduction because 
a polymer has a convenient controlled composition ratio 
for use in ceramics, a facile formation, and decomposed 
at low temperature [22]. Both synthesis methods can use 
similar boron sources, such as boric acid (H3BO3) and 
boron oxide (B2O3). However, the carbon sources differ 
from those used in the carbothermal method. Boron 
carbide synthesis with a polymeric precursor uses polyol 
materials, such as polyvinyl alcohol (PVA), citric acid, 
glycerol, phenolic resin, and saccharides [22, 27-31]. 
These chemicals are organic compounds in which the 
C–O–H bonds have a branched chemical structure. The 
boron and carbon sources are mixed homogeneously 
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through a dehydration–condensation reaction from the 
polyol materials and H3BO3, and the surface area of the 
reactants is increased [32-36]. In addition, B–O–C borate 
ester bonds in a cross-linking structure are achieved 
during the dehydration–condensation reaction and yield 
polyvinyl borate (PVBO) as a polymeric precursor. 
Pyrolysis or calcination is then applied within the range 
of 400 °C to 800 °C. Borate ester bonds are destroyed 
through heat treatment and form a structure with B2O3 
distributed in the C matrix [28]. Thus, a single-source 
raw material or reactant can be used to synthesize B4C at 
low temperatures (< 1800 °C). The aim of the precursor 
synthesis from polymeric materials and boron resources 
is to mix the reactants at molecular levels. A homogenous 
and uniform reactant distribution during B4C synthesis 
leads to an extended intersurface contact between 
boron and carbon atoms [37], shortening the necessary 
diffusion route and decreasing the energy of diffusion 
activation, thereby facilitating the diffusion among the 
atoms [28]. The structure obtained during the pyrolysis 
step decreases the thermodynamically and kinetically 
necessary B4C synthesis temperatures above 2000 °C 
and reduces the reaction time [28, 38]. By contrast, 
residual free carbon in the structure of B4C materials 
is the main problem for polymeric precursor synthesis 
methods [34]. This problem can be solved by optimizing 
the PVA:H3BO3 and C:B2O3 ratios and applying thermal 
decomposition in air [27, 31, 34, 35, 38]. 
 The sol-gel method was used to synthesize the 
polymeric precursor and determine the physical properties 
of the end products formed through the following 
processing. The sol-gel process parameters were affected 
by the properties of the raw materials, structure of the 
reactant, and properties of the B4C. Sol-gel parameters, 
such as the solubility, viscosity, and pH, vary with the 
molecular weight, degree of polymerization, and degree 
of hydrolysis of the PVA, as well as the concentration 
ratio of the raw materials. Few data are available in 
the literature regarding the sol-gel process parameters 
and the effect of the properties of the raw materials 
applied. In general, the effect of the concentration ratio 
has been investigated from the composition of the fully 
hydrolyzed PVA, and the crystalline B4C powder syn-
thesized at low temperature (1200 - 1500 °C) [27, 28, 38]. 
The viscosity of the PVA–water and H3BO3–water solu- 
tions was affected by the polymeric precursor’s struc-
ture. The water evaporates due to the temperature, 
and thus the viscosity of the solution increases. Lower 
viscosity could allow an improved dispersion of boron 
and carbon in the solution. Thus, the gel was collected 
a few times to obtain a lower viscosity [37]. However, 
no detailed information regarding this is yet available 
in the literature so far. The pH is critical to the particle 
size and solution during the sol-gel processes [39]. 
If the pH of the solution is less than 5, the viscosity 
can decrease and the activation between particles can 
increase.  Conversely, if the pH of the solution increases, 

the viscosity decreases and a homogeneous solution 
cannot be obtained [35, 39]. Highly hydrolyzed PVA has 
been used in previous studies, although few articles have 
been published regarding B4C synthesis from partially 
hydrolyzed PVA–H3BO3 [29]. In this study, we used 
partially hydrolyzed (88 %) and low-molecular-weight 
(19000-24015) PVA and technical-grade H3BO3 as the 
raw materials to synthesize PVBO and to investigate the 
effect of the initial concentration ratio on the solution 
viscosity and pH. As a result, B4C could be synthesized 
from the PVBO.

EXPERIMENTAL 

Materials

 The materials used were boric acid (H3BO3, 
99.92 %, < 450 µm), polyvinyl alcohol (PVA, degree of 
hydrolysis of 88, ≤ 5.0 % volatile contents, < 800 µm), 
and distilled water. Raw materials were used as the 
starting compounds.

Synthesis of PVBO materials

 The synthesis of PVBO was achieved using a de-
hydration-condensation reaction of PVA and H3BO3. 
First, PVA (1.0 - 3.1 g) was dissolved in distilled water 
(60 ml) at 80 °C for 0, 20, 40, and 60 min under continuous 
stirring using a magnetic stirrer. At the same time, H3BO3 
(0.645 - 2.0 g) was dissolved in distilled water (30 - 45 ml, 
according to the amount H3BO3) (Table 1) at 60 °C for 
0 - 60 min under continuous stirring by a magnetic 
stirrer. The H3BO3 solution was then slowly added to 
the PVA solution at 80 °C under continuous stirring 
for approximately 5 min. The composition ratio of 
PVA/H3BO3 and amounts of PVA and H3BO3 are listed in 
Table 2. The PVBO white gel agglomerated on the sur- 
face of the reaction mixture 5 min and 60 min after the 
gel was collected, or the process was continued until 
the water in the condensation solution evaporated. The 
synthesis of PVBO was completed at 80 °C under constant 
stirring. The white gel of PVBO or its precursor was dried 
at 120 °C for 24 h in an oven (Elektro-mag, M5040P) 
and ground by an agate mortar (Retsch Planetary Ball 
Mill-PM100). After the precursor powder was screened 
under 250 µm, it was charged in a porcelain crucible. 
Further, the samples were calcinated at 500, 600, and 
700 °C for 1, 2, and 3 h in air by using a chamber furnace 
(Protherm, PLF 140/5). The samples were ground using 
an agate mortar and uniaxially compacted with a cold 
press. The sample was then placed in an alumina boat 
and heat treated for B4C reduction in a tube furnace at 
1400 °C under Ar flow (800 ml∙min-1) for 5 h at a heating 
rate of 8 °C∙min-1. After the reduction was completed, 
the sample was cooled to room temperature under an Ar 
flow 800 ml∙min-1). The full experimental procedure is 
shown in Figure 1.
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Characterization

 The PVA–water solution concentration (PWCAR) 
was determined according to the formula presented 
below.

                                                                            ,

where PSW is the initial weight of PVA, PRW is the PVA 
remaining after removing the weight of  the volatiles 
in the PVA (5 %, according to technical data sheet of 
the product), and PWW is the weight of the PVA–water 
solution after heating. 
 The concentration of the H3BO3–water solution 
(HWCAR) was determined according to the following 
formula:

                                                                     ,

where HSW is the initial weight of H3BO3 and HWW is 
the amount of the H3BO3–water solution after the 
preparation. In addition, H3BO3 was dissolved in water 
and the structure was protected such that the H3BO3 
dissolved in the water would remain at similar amounts. 
The C/B2O3 mole ratio (CBM) of the reactant after 
calcination was calculated using the solubility of B2O3 in 
water. First, the reactant was charged in distilled water 
and continuously stirred at 80 °C for 20 min. Carbon 
and B2O3 were able to separate from each other in water. 
The reactant–water mixture was filtrated, leaving carbon 
particles in the filter. The filter and carbon particles were 
then dried at 80 °C for 30 min. Thus, the amount of B2O3 
was calculated by subtracting the amount of carbon from 
the amount of the reactant. The C/B2O3 mole ratio (CBM) 
of the reactant was measured as follows [35]:

                                                                                       ,

where Rw is the weight of the reactant, FW is the weight of 
the filter, and DCFW is the combined weight of the carbon 
and filter after drying. In addition, CW is the weight of the 
carbon in the reactant and could be determined through 
DCFW-FW [35].
 The molecular weight of the PVA was determined 
using a 1260 Infinity II Gel Permeation Chromatography 
(GPC)/Size Exclusion Chromatography (SEC) System 
(Agilent Technology). The pH of each solution was 
measured using an Isolab, portable pH/mV meter. Each 
solution composition was measured five times and ave-
raged. The viscosity of the solutions was measured using 
a viscometer (Brookfield Dial Reading, RVT230). The 
bonding structure of the PVBO was obtained using 
a Spectrum Two Fourier Transform Infrared (FT-IR) 
Spectrometer (PerkinElmer) with attenuated total ref-
lectance (ATR) methods. The precursor powders, reac-
tant and B4C powder were analyzed through an XRD 
analysis (Bruker D2 Phaser) with CuKα radiation. The 
calcined and filtered powders were observed using 
SEM/EDS (Phenom) at 20 kV. The microstructures of 
reactants and B4C powder were evaluated using field-
emission scanning electron microscopy (FESEM)/EDS 
(FEI Marka Quanta FEG 450). 

RESULT AND DISCUSSION

Solution densification parameters
Concentration of PVA–water solution

 The range of molecular weights of the PVA was 
measured using GPC as 19000 - 24015 g∙mol-1. The mole- 
cular weight of the polymeric material affects the cha-
racteristic properties, such as the viscosity, solubility, 
stability, water absorption capability, flexibility, and 

Polyvinyl alcohol
(PVA)

Dehydration
condensation

reaction

Drying

Forming gel

120 °C, 24 h

1400 °C, 5 h

500 °C, 1-3 h
600 °C, 1-3 h
700 °C, 1-3 h

<250 µm

<200 µm

Grinding

Grinding

Pressed

Calcination

Polyvinyl borate (PVBO)
synthesis by sol-gel

PVA:H3BO3 = 1.0:1
PVA:H3BO3 = 1.5:1
PVA:H3BO3 = 2.0:1
PVA:H3BO3 = 2.5:1
PVA:H3BO3 = 3.1:1

Boron carbide (B4C) synthesis
by heat treatment

Boric acid
(H3BO3)

Figure 1.  B4C synthesis procedure.

Table 1.  Amount of H3BO3 and composition ratio of 
H3BO3:H2O.

 Code H3BO3 (g) H3BO3 (g):H2O (ml)

 HW101 2.0 2:45
 HW151 1.33 1.33:45
 HW201 1.0 1:30
 HW251 0.8 0.8:30
 HW311 0.645 0.645:30

Table 2.  Composition ratio of PVA/H3BO3 and amounts of 
PVA and H3BO3.

 Code PVA:H3BO3 ratio PVA (g) H3BO3 (g)

 PHD101 1.0:1 2.0 2.0
 PHD151 1.5:1 2.0 1.33
 PHD201 2.0:1 2.0 1.0
 PHD251 2.5:1 2.0 0.8
 PHD311 3.1:1 2.0 0.645

PWCAR =                                      × 100
PDWW – PRW

[PSW – (PSW × 5/100)]

HWCAR =                       × 100
HWW – HSW

HSW

CBM = 5.8 ×                                  = 5.8 ×
(RW – DCFW – FW)

(DCFW – FW)

(RW – CW)

CW
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crystallinity, during the dehydration–condensation reac-
tion. In addition, the molecular weight is an indicator of 
the polymeric chain range, decreasing as the molecular 
weight decreases, and BO3 molecules become unable to 
find opportunities to bond with carbon on the polymer 
backbone. Therefore, different PVA:H3BO3 compositions 
were investigated to determine the effects of PVBO 
formation on B4C production (Table 2). [40].
 The degree of hydrolysis is another parameter de-
termining the properties of the polymeric material. If 
the degree of hydrolysis is low, the water absorption 
and solubility will increase; however, the viscosity will 
decreases in the PVA–water solution [41]. In this study, 
PVA with a hydrolysis degree of 87 - 89 % was used. 
This type of PVA provides advantages when dissolved 
in water owing to the low viscosity and high solubility 
of the PVA, which are required to increase the surface 
activity between the PVA and H3BO3 during gelation 
[37]. 
 The solubility of the PVA may vary with the 
PVA:H2O ratio and temperature. Fully and partially 
hydrolyzed PVA is soluble in water, depending on the 
hydrolyzation and degree of polymerization [42]. Fully 
hydrolyzed PVA (> 99 %) only dissolves in hot water, 
whereas PVA with 87 - 89 % hydrolysis is soluble in both 
cold and hot water. Fully hydrolyzed PVA contains strong 
hydrogen bonds among the hydroxyl groups in the PVA 
molecules after the acetate groups are removed through 
hydrolyzation. The hydrogen bonds lead to a decrease in 
the interactions among the molecules in the PVA–water 
solution because such bonds reduce the solubility of PVA 
in water. Partially hydrolyzed PVA has acetate groups 
between the molecules, reducing the binding effect of 
hydrogen. Therefore, partially hydrolyzed PVA is readily 
soluble in water, regardless of the temperature [43]. 
However, the amount of PVA dissolved in water changes 
depending on the temperature [44]. In a previous study, 
partially hydrolyzed PVA was dissolved at 80 °C for 1 h 
[28, 38]. The solubility rate of the PVA in water increases 
with an increase in the temperature during gel formation, 

increasing the interaction between the PVA and H3BO3 
molecules. Thus, more H3BO3 can be added to the 
PVA–water solution during gelation by increasing the 
temperature [44]. By contrast, the solubility ratio of the 
PVA in water with an increase in temperature is unstable. 
The stability of the PVA:H2O ratio can be disrupted for 
a few reasons. First, some of the water evaporates du- 
ring the heating process. Second, the rate of PVA de-
creases with the removal of volatiles in the PVA structure. 
In brief, the PVA–water solution concentration is affected 
by the evaporating water and volatiles. In this study, the 
initial PVA:H2O ratio in the solution was determined to 
be 3.3 wt. %. In addition, the average concentration of 
the PVA was measured as 6.0 wt. % at the end of the 
PVA–water solution preparation. 

Concentration of H3BO3–water solution
 Boric acid (H3BO3) starts dehydrating at above 
80 °C, and can be transformed into metaboric acid 
(HBO2) [45]. The H3BO3–water solution was prepared 
at 60 °C to prevent it from becoming HBO2 and to 
allow only H3BO3 to remain in the water. The ratio of 
H3BO3 to distilled water is in the range of 2.15 wt. % 
to 4.50 wt. %, depending on the PVA:H3BO3 ratio. 
The initial ratio of H3BO3 to distilled water increases 
owing to the evaporation of the water. Therefore, the 
initial ratios of the solution should be less than the 
solubility limit of H3BO3 in water at 60 °C owing to the 
evaporation of water in the solution and the dehydration 
of H3BO3. The ratio of H3BO3 to water is between 
4.5 wt. % and 7.5 wt. % after the dissolving process. In 
a previous study, the solubility limit of H3BO3 in water 
was shown to be 4.72 wt. % at 20 °C, 15.75 wt. % at 
70 °C, and 19.10 wt. % at 80 °C. If H3BO3 is added to 
the water at a higher amount than its solubility limit, it 
cannot dissolve completely during the heating process 
[15, 46]. In addition, an excess H3BO3 concentration 
prevents a uniform composition dispersion [27]. The 
highest solution concentration is obtained from the 
HW201 sample in Figure 2. It can be deduced that the 
solubility and distribution of H3BO3 in water is greater 
than those in the other solutions, and that H3BO3 can 
bond to the PVA structure more effectively. 

Temperature, viscosity,
and pH of PVA–water solution

 Increasing the temperature directly affects the vis-
cosity and solubility of the PVA solution. The aim of 
heating during the solution step is to increase the solubili-
ty, decrease the viscosity, and hinder the agglomeration. 
Partially hydrolyzed PVA can be dispersed in water at 
room temperature and partially dissolved, but not com-
pletely. Heating is necessary to dissolve PVA. In the li-
terature, fully hydrolyzed PVA was dissolved at 80 °C 
for 1 h [38]. However, the temperature was insufficient to 
dissolve the PVA. Added water to increase the solubility 
of the PVA, This further decreased the viscosity [38]. 
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 As shown in Figure 3, a viscosity of 7.3 cP and 
a pH value of 6.25 were measured for a constant 
PVA–water solution at 80 °C. The pH value and viscosity 
of the sol decrease as the temperature increases. Partially 
hydrolyzed PVA can be dissolved easily in hot distilled 
water with continuous stirring, and the fluidity is increa-
sed. As the viscosity decreases, the mobility and stability 
of the sol increase at a constant temperature [39]. Thus, 
the dispersion of particles in the PVA–water solution 
increases during gelation. Further, lowering the solution 
viscosity can reduce the amount of B2O3 and increase 
its dispersion in the polymeric precursor [37, 38]. In ad-
dition, if the PVA-water solution becomes more acidic, 
the viscosity of the solution decreases and the particle 
dispersion increases [39]. As a result, 80 °C was chosen 
for dissolving the PVA in water and providing the highest 
dispersion of H3BO3 in PVA-water solution.

Temperature dependence of the pH 
of H3BO3–water solution

 The H3BO3–water solution is weakly acidic. This 
property can arise from the following factors. Tempe-
rature decreases the pH values of the PVA–water and 
H3BO3–water solutions. Because the water ionizes, the 
amount of H ions increases in the solution and the pH 
value decreases. In addition, H3BO3 dissolves in water, 
and its solubility ratio increases with an increase in 
temperature. During the dissolution of H3BO3, H2O mo-
lecules and positive ions such as H3O+ are lost. H3O+ ions 
can decrease the pH value of the H3BO3–water solution 
[47]. The boron alkoxides are hydrolyzed to Reaction 
1 and B-OH react with H+ ions Reaction 2 [39]. Thus, 
the pH value of H3BO3–water can decrease at higher 
temperatures, and H3BO3 can bond with PVA more 
effectively. 

B–OR + H2O→ B–OH + ROH               (1)

B–OH + H+ → B–OH2
+                   (2)

 The pH value and solution concentration were 
measured for all samples at 20, 40, 60 °C. The pH-tem- 
perature relationship for all samples during 60 min 
process is given in Figure 4. It is observed that the pH 
value decreases by increasing the solution temperature, 
regardless of the composition ratio. However, the amount 
of H3BO3 in water affects the pH value in a decisive way 
(Higher H3BO3 leads to decrease the pH value). Thus, 
the lowest pH value and highest solution concentration 
were obtained from HW101 at different temperatures 
(Figure 4). The results suggest that H3BO3 can be more 
efficiently soluble in water for HW101 sample than the 
other.

Parameters of PVBO gelation
synthesis

Effect of temperature on
condensation of PVBO

 During the gelation process, the H3BO3 solutions 
were slowly added to the PVA solutions. The temperature 
was fixed at 80 °C to facilitate the dehydration–con-
densation reactions. The H3BO3 reacted with the PVA 
immediately when it was added because the –OH ions 
in the H3BO3 easily bond with the hydroxyl groups in 
the PVA. The hydrogen bonds provided a cross-linking 
structure in the PVA chain [48] such that the viscosity 
increased in the PVA–water solution and produced a gel. 
When the H3BO3 solutions were rapidly charged in the 
PVA solutions, the agglomeration was carried out on the 
surface of the PVA solution, and B–O atoms were unable 
to react at the interface of the PVA–H3BO3. 

Effect of pH on condensation of PVBO

 The relationship between the pH value and the 
ratio of PVA/H3BO3 (see the sample codes in Table 2) 
the PVA, H3BO3, and gel is shown in Figure 5. When 
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the concentration of H3BO3 in the H3BO3-water solution 
increased, the pH value of the H3BO3–water solution 
decreased due to the increasing acidity of the solution. 
The ratio of H3BO3 was higher than in the initial 
H3BO3:H2O ratio due to the evaporation of water. The 
amount of water affects the ratio of concentration and 
the pH value. In this study, the water volume of HW311, 
HW251, HW201 was 30 ml, whereas 45 ml of water 
was used for HW151 and HW101. When the same 
amount of water (30 ml) was used in all samples, the 
H3BO3 was thoroughly dissolved at the start. Later, some 
of the water in the solution evaporated by heating, and 
H3BO3 precipitated owing to the insufficient amount of 
remaining water, which exceeded the solubility limit of 
H3BO3. Therefore, 45 ml of water was used for PHD151 
and PHD101.
 Ester and complex bonds formed during the reac-
tion between PVA and H3BO3 via the dehydration–con-
densation mechanism. In addition, H3BO3 was unable to 
react completely with PVA and remained in the water 
solution. The higher H3BO3 ratio provided an increased 
possibility of a reaction between PVA and H3BO3. Further, 
H3BO3 was dissolved in water through hydrolysis. Thus, 
protons were released, and the pH value of the solution 
gradually decreased during gelation, see [49]. This situa- 
tion indicates that the agglomeration decreased. In this 
study, the pH value of the PVA solution at 80 °C is 
approximately 6.25. This value could lead to an agglo-
meration of the PVA when in contact with H3BO3. The 
pH range of the H3BO3 was 3.5 - 4.5. This ratio provided 
a more acidic condition during the gelation step, and 
the agglomeration decreased [39]. However, it was in-
sufficient to prevent the agglomeration during the gel 
formation. The pH range of the gel solutions, as shown 
in Figure 5, was 4.9 - 5.7. In addition, if the pH value 
of PVA-water solution becomes more acidic, the particle 
dispersion increases [39]. In previous studies, the pH of 
gel solution was kept below 5.0 [30, 35, 39]. The pH 
value of PHD101 was under 5.0 and the pH value of other 

sample was above 5.0. Therefore, the agglomeration of 
PHD101 took longer than that of the other samples and 
increased the dispersion of H3BO3 in the PVA solution 
and the formation rate of the PVBO. 

Effect of time on condensation of PVBO
 In previous studies, the condensation process was 
completed with a thorough evaporation of water [27, 
30, 36, 38]. The gelation occurred within 5 min, and 
PVBO was obtained as a white gel. The stirring and 
heating processes were continued until the water was 
completely evaporated. During PVBO formation, the 
hydroxyl groups, which separated from H3BO3, bonded 
to the C atoms in the PVA chain. However, not all H3BO3 
dissolved in water was able to react with the PVA gel 
within 5 min, and some of the dissolved H3BO3 remained 
in the aqueous solution. In other words, not all boron 
atoms were able to contact the C atoms initially. Thus, 
the product of the condensation process was analyzed at 
different holding times.
 First, we determined three different conditions 
according to the time and water evaporation conditions. 
The first and second conditions were based on the com-
pletion of the process at 5 and 60 min, respectively. The 
third condition was based on the complete evaporation 
of the water after gel formation. The gel structure varied 
with the condensation time. When the gel was taken 
from the beaker at 5 or 60 min, the gel structure became 
sponge like. When the water was allowed to evaporate 
completely, the structure of the gel became rubbery 
and was coated with a H3BO3 powder. In addition, 
the weights of the gels formed were measured after 
5 min of condensation and after the completion of the 
evaporation. It was shown that the gel weight is greater 
after the short-term condensation process in Figure 6. 
The longer condensation process promoted a lighter gel 
weight. PVA underwent high water absorption and the 
solution absorbed the water during the condensation 
reaction. The gel was constantly exposed to stirring and 

4.0

4.5

5.0

6.5

5.5

6.0

3.0

3.5

pH

PVA
H3BO3
Gel

3.1:1 2.5:1 2.0:1 1.5:1 1.0:1
PVA/H3BO3 ratio

Figure 5.  Dependence of the pH on the PVA/H3BO3 ratio for 
PVA, H3BO3, and gel.

6.5

7.0

7.5

8.0

8.5

5.5

6.0

Av
er

ag
e 

w
ei

gh
t (

g)

PHD101
PHD151
PHD201
PHD251
PHD311

5 min Completed
Time

Figure 6.  Relationship between average gel weight and PVBO 
formation time in PHD samples.



Karaahmet O., Cicek B.

440 Ceramics – Silikáty  64 (4) 434-446 (2020)

an applied temperature during a longer processing time. 
During this time, the gel formed left the absorption water 
and became more rigid. All samples contain the same 
amount of PVA. For this reason, the water absorption 
behavior can be expected to be similar for each sample, 
and the average gel weight is expected to be very close. 
However, the average gel weight is different for all 
samples presumably because of the different amount of 
H3BO3.The variation of samples weight can be attributed 
to the effect of H3BO3. PHD101 contain the highest 
amount of H3BO3, and the lightest amount of gel weight 
was obtained from it, regardless of gelation time. In 
addition, as the H3BO3 ratio decreases in the samples, 
the gelation weight increases. For these reason, it can 
be deduced that higher amount of H3BO3 can be bonded 
with PVA much more easily and prevent the water 
absorption of PVA. 
 When the gelation process was finished and the 
gel was removed, aqueous solution remained under 
the first and second conditions, whereas a sediment 
was observed under the third condition. The remaining 
aqueous solutions were fully dehydrated at 120 °C, and 
the deflocculated products also settled in the form of 

sediments. All sediments were weighed. The difference 
in weight between the sediment samples with respect to 
time is shown in Figure 7. Most of the sediment measu-
red was in PHD101, which included the highest amount 
of H3BO3 among the samples. All samples contained 
the same amount of PVA and the same PVA “structural 
capacity” in terms of bonding to H3BO3. This capacity 
is maximized in the PHD101 sample, in which a higher 
amount of H3BO3 appears as a sediment than in the other 
samples. Therefore, excessive H3BO3 could not bond to 
the PVA and remained in the PVA–H3BO3 gel solution. 
The average amount of sediment also decreased as the 
amount of H3BO3 gradually decreased. The ratio of the 
condensation reaction could increase between the H3BO3 
and PVA molecules with respect to temperature and 
time. In addition, the partially hydrolyzed PVA absorbed 
much more water during dissolution. It could lose water 
from the structure and increase contact with more of the 
H3BO3 molecules. Thus, the amount of sediment should 
decrease over time. 
 The XRD pattern of the sediment for PHD101 is 
shown in Figure 8. The sediment contained HBO2, 
H3BO3, and C4H4O6·2H2O phases. The intensities of the 
peaks of all crystalline phases in the XRD were high. 
In addition, H3BO3 in the XRD diffractogram came 
from initial H3BO3, and did not react with the partially 
hydrolyzed PVA. When the H3BO3 powder did not 
react with the PVA, it remained in the sediment, which 
consisted of a mixture of H3BO3 and PVA powder. The 
H3BO3 was dehydrated at 120  °C during the drying 
process. Therefore, it transformed into an HBO2 phase. 
The partially hydrolyzed PVA consisted of C4H6O2 and 
C2H4O. Phase peaks of C4H4O6·2H2O in the XRD pattern 
formed as a result of the reaction between PVA and H2O. 
The XRD spectra of the sediment primarily included 
crystalline phases. Thus, it was deduced that the ratio of 
PVA could be lower than the ratios of H3BO3 and any 
other borate phases in the sediment, and a large amount 
of PVA was passed to the gel structure.

Investigation of PVBO
XRD analysis

 PVA is a semicrystalline material. H3BO3 bonds to 
the amorphous region of the PVA and H3BO3 increases 
the chain length of the amorphous structure [50]. XRD 
analyses of the PVA and PVBO are shown in Figure 9. 
The characteristic peak of the PVA is observed at 2θ = 
= 19.5°. This peak also appears in the PVBO samples, 
but in a much more broadened form, which shows that 
an esterification reaction occurs between the H3BO3 
and PVA. As to the 2θ = 40° peak, it disappears in 
the PVBO samples. All sample peak intensities and 
widths are extremely similar, and thus it is difficult to 
assess the formation rate of the PVBO with respect to 
the initial composition ratio. Mondal ve Banthia et al. 
[22] analyzed the polymeric precursor structure using 
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XRD, and observed some crystalline peaks in the dif-
fraction pattern. In this study, only one peak (2θ = 28°) 
was observed in the XRD analysis for PHD201, and all 
PVBO samples showed generally amorphous charac-
teristics. A large hump (2θ = 19.5°) was observed only 
in the XRD pattern of the PVBO [29]. Barros et al. [29] 
reported such a diffraction pattern attributing it to the 
semi-crystalline structure of the polymeric precursor. 
As a result, similar XRD patterns were observed in this 
study for the PVBO samples. Therefore, according to the 
XRD analysis, it can be deduced that the synthesis of 
PVBO was successful.

FTIR analysis
 According to the XRD analyses, PVBO was syn-
thesized from all PHD samples. The sample containing 
the highest proportion of H3BO3, i.e., HW101, had the 
highest solution concentration, and its pH was lower 
than that of the other samples. This led to a decrease in 
the pH of PVA–H3BO3, which was the solution with the 
lowest-pH, during the gelation. The solution became 
more acidic and the degree of agglomeration decreased 
compared to the other samples. Therefore, the dispersion 
of H3BO3 in the PVA was higher than in the other so-
lutions. In addition, as the amounts of H3BO3 increase in 
a sample, it can be bonded with PVA further and prevent 
the water absorption of PVA (Figure 6). As a result, the 
study continued based on the PHD101 sample, which 
was investigated using FTIR to prove the formation of 
PVBO.
 The FTIR spectra of H3BO3, PVA, and PHD101 
are shown in Figure 10. The O–H stretching vibrations 
appeared at absorption bands of 3000 - 3500 cm-1 for 
H3BO3, PVA, and PVBO. If the O–H bond peaks are lower 
at the PVBO spectrum, this indicates that esterification 
reactions occur between the PVA and H3BO3. However, 
there are unreacted O–H bonds in the PVBO [27, 34]. 
The absorption peak at 1450 cm-1 is attributed to the B–O 

bonds [22]. These peaks can be seen in both the PVBO 
and H3BO3 but are smaller in the PVBO. In addition, 
C–O–C bonds are observed in the absorption bands at 
~1250 cm-1 in the PVA spectra, but are absent in the 
PVBO. The B–O–H bonds appear at ~1190 cm-1 in the 
H3BO3 spectra and can be seen in the PVBO spectra, 
because B–O–H bonds are maintained in the PVBO 
[35]. Some H3BO3 molecules could not react with the 
PVA and remained in the PVBO structure. Moreover, the 
peak at 2952 cm-1 is referred to the aliphatic vibration of 
the C–H bonds, which are not found in the PVBO spectra 
[22]. The 1287 cm-1 and 1080 cm-1 absorption peaks 
were ascribed to the B–O–C bonds, which are the main 
evidence for the formation of PVBO [26, 27, 31, 34]. 
Therefore, condensation reactions were executed bet-
ween the PVA and H3BO3. The C–H peaks were not 
seen in PHD101, which contained the highest amount of 
H3BO3 among all samples. C–H peaks were present in 
the PVA. The C–O–C and B–O–H bands disappeared in 
the PVBO sample. The intensity of the peaks gradually 
decreased because of the decreasing H3BO3 content. The 
C–O from the PVA and B–O–H from the H3BO3 bands 
intensity decreased in the PHD101. As a result, PHD101 
is preferred for further analysis because H3BO3 is bonded 
with the PVA structure and the formation of PVBO is 
maximized.

Calcination

 The polymeric precursor was calcined to decom-
pose the organic compounds. Borate ester bonds in 
the polymeric precursor were destroyed through heat 
treatment and yielded a reactant composed of finely 
distributed B2O3 in a C matrix. Thus, the single-source 
reactant served as a carbon and boron source for B4C 
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synthesis. SEM images of the PHD101 reactant and 
B2O3 leaching from the reactant are shown in Figure 11a 
and b, respectively. Five points are shown on the SEM 
images and their EDS analysis results are listed in 
Table 3. At points 1 and 4, both B and O were detected, 
indicating the presence of B2O3. At points 2 and 3, B, O, 
and C were observed, which indicates that the product 
consisted of B2O3 and carbon. At point 5, B2O3 molecules 
were dissolved by hot water and left the carbon matrix, 
and thus a significant number of carbon atoms can be 
seen in the EDS analysis results.
 The molar ratio of C/B2O3 stoichiometric B4C syn-
thesis should be 3.5, according to reaction 3. 

2B2O3 + 7C → B4C + CO                     (3)

 However, B2O3 transforms into boron suboxides 
with heat. The boron suboxides are in a vapor phase 
at above 1050 °C and leave a reaction zone [22, 27]. 
Therefore, the molar ratio of C/B2O3 should be less 

than 3.5 to compensate for the volatile boron suboxide. 
Yanase et al. [27] reported that calcination should be 
performed at 600 °C in air for 2 h to optimize the C/B2O3 
molar ratio, which was measured as approximately 3.3. 
In previous studies, it was suggested that C/B2O3 should 
be approximately 2.9 - 3.5 [28, 37]. The composition of 
the initial raw materials should be adjusted to the molar 
ratio of C/B2O3. 
 The calcination step was applied at 500, 600, and 
700 °C in air for 1 - 3 h. Calcination was conducted at 
above 400 °C in order to decompose of the polymeric 
precursor and remaining polymeric groups [37]. The pro- 
cess was executed in air according to [51]. The free 
carbon content in B4C could be reduced via carbother-
mal reduction of the reactants below 1800 °C, leading to 
a homogeneous and uniform reactant component distri-
bution [38]. The range of the C/B2O3 ratios was calculated 
for the PHD101 sample, as listed in Table 4. H3BO3 either 
enters the gel structure molecularly via a condensation 
reaction with the PVA or adheres to the gel as a particle 
and remains in the gel structure. As a result, the C/B2O3 
ratio is unstable. The C/B2O3 ratio of samples were 
measured and calculated according to the condensation 
process (5 min and complete water evaporation). We de- 
termined the range of C/B2O3 for each calcination tem-
perature and time. We observed that the amounts of 
carbon and B2O3 vary with the gelation time, obviously 
because the condensation reactions between PVA and 
H3BO3 continue during the gelation. When excessive 

Figure 11.  SEM images of: a) PHD101 reactant calcined at 500 °C for 2 h and b) B2O3 dissolved for the same sample.

a) b)

Table 3.  EDS analysis results of PHD101.

 EDS Element Atomic  Weight
 points symbol conc. (%) conc. (%)

 1
 O 70.38 77.86

  B 29.62 22.14
  C 59.51 54.32
 2 O 31.47 38.27
  B 9.01 7.40
  C 61.40 55.68
 3 O 32.72 39.52
  B 5.88 4.80
 

4
 O 75.14 81.73

  B 24.86 18.27
  C 69.13 62.26
 5 O 30.48 36.57
  Ca 0.39 1.17

Table 4.  C/B2O3 ratio in the reactant from PHD101.

 Time  Temperature (°C)
 (h) 500 600 700
 1 3.98 - 1.96 2.93 - 1.20 2.24 - 0.66
 2 3.34 - 1.80 2.50 - 0.96 1.79 - 0.57
 3 3.01 - 1.64 2.32 - 0.80 1.71 - 0.46
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H3BO3 is present in the solution, the PVA cannot react 
with all dissolved H3BO3. The remaining H3BO3 powder 
is deposited on the gel surface formed. Therefore, the 
ratios of C/B2O3 change with gelation time. Based on 
literature data [28, 37], a calcination temperature of 
500 °C with a dwell time of 2 h was chosen for achie-
ving an optimum ratio of C/B2O3 for in the PHD101 
sample. 
 The FESEM image of the PHD101 sample after ex-
traction of B2O3 from the reactant is given in Figure 12. 
The PVA has a reticulated structure that affects the 
distribution of H3BO3 molecules [28]. After calcination, 
the structure is responsible for the distribution of B2O3 
in the carbon structure. The reactant was washed in 
hot water. The B2O3 then dissolved and left the carbon 
matrix. A porous structure could be seen in the carbon 
matrix. The estimated pore size distribution of FESEM 
image obtained from the reactant is given Figure 13. The 
pore size distribution was non-uniform, with an aver- 
age pore size was of approximately 150 nm. B2O3 was 

distributed nearly homogeneously on the nano-scale 
level in the carbon matrix (Figure 12). Some larger 
pores can be seen in the image because unreacted H3BO3 
powder with the PVA–water solution precipitated and 
remained in the PVBO gel. The H3BO3 powder was 
calcined and transformed into B2O3. These pores formed 
by dissolution of B2O3 in water at 80 °C.

B4C synthesis

 The XRD pattern of PHD101 after calcination at 
500 °C for 2 h is given in Figure 14a. The peaks of B2O3 
and C are clearly seen on the XRD pattern. These peaks 
provide correlation with SEM analysis of reactant in 
Table 3. In addition, H3BO3 phase is found the reactant 
structure. Probably, this H3BO3 phase results from B2O3 
being in contact with moisture in the air. After heat 
treatment at 1400 °C for 5 h the B2O3 has disappeared 
and amount of carbon is has decreased (Figure 14), 
indicating that B2O3 has reacted with carbon according 
to reaction (3) to form B4C. An XRD pattern is shown 
in Figure 14b, where the crystalline peaks of B4C are 
clearly observed. Silicon Carbide (SiC) has formed as 
an impurity. Also the free carbon can be considered as 
an impurity. The B2O3, which is in the reactant, can be 
transformed into vapor phase suboxides and might leave 
the reactant structure. Therefore, the carbon is unable to 
find enough B2O3 to react quantitatively and remains as 
free carbon in the B4C material. The B4C crystalline size 
was determined by the Scherrer equation. The calculated 
average crystallite size was 24 nm. 
 The SEM/EDS analysis is shown in Figure 15. Si was 
observed in the EDS analysis, and the XRD and EDS 
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Figure 13.  Pore size distribution of PHD101 sample at 500 °C 
for 2 h calcination after B2O3 was extracted from the C/B2O3 
reactant estimated from FESEM image.

Figure 14.  XRD analysis of PHD101 sample after heat treat-
ment at 1400 °C for 5 h (a), before calcination at 500 °C for 
2 h (b).
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analyses provide a correlation of the presence of Si in 
the product, which must be considered as a result of con-
tamination. Moreover, aluminum was found in the EDS 
analysis (however, no aluminum-containing was detec-
ted by XRD analysis.) This is probably a contamination 

coming from the alumina crucible. The B4C structure can 
clearly be seen in the SEM analysis, and the EDS peaks 
confirm this composition. However, some parts of the 
structure is covered with whitish particles, which were 
analyzed using EDS and identified as having a Si peak 
higher than the B peak. SiC accumulated over the B4C 
structure and entered the structure during the reduction 
reactions. 
 Polygonal grains were found in the morphology of 
the sample (Figure 15a, b). These grains forms aggregated 
particles, comprising both fine and irregular shapes. The 
particle size distribution was extremely wide. In addi-
tion, polyhedral, needle-like, and flake-like particles were 
observed. Different morphological shapes can be the re-
sults of different nucleation mechanism. Polyhedral B4C 
is expected to arise from the synthesis reaction between 
liquid B2O3 and solid carbon [52], whereas needle-
like and flake-like B4C particles are expected to form 
via vapor and solid mechanisms between the B2O3 and 
carbon molecules. As a result, a morphologically non-
uniform B4C material was synthesized by heat treatment 
at 1400 °C for 5 h.

CONCLUSION

 In this study, industrial raw materials, including 
partially hydrolyzed PVA and technical-grade H3BO3, 
were used for B4C synthesis using a polymeric precursor 
method distinct from that applied in existing studies 
(in terms of raw materials). PVBO was produced through 
a sol-gel method. The condensation process parameters 
were investigated, including the pH value and viscosity, 
and the temperature was determined based on the 
composition ratio during the solution preparation process. 
A viscosity of 7.3 cP and a pH of 6.25 were measured for 
a constant PVA–water solution at 80 °C. The solubility 
of H3BO3 for different compositions increased when 
the temperature was increased. The sample containing 
the highest proportion of H3BO3, i.e., HW101, had the 
highest solution concentration and a lower pH than 
the other samples. This led to a decrease in the pH of 
PVA–H3BO3, which was the solution with the lowest 
pH value (4.85), during gelation. The solution became 
more acidic and the degree of agglomeration decreased 
with respect to the other samples. Therefore, the ratio of 
H3BO3 increased, and the synthesis efficiency of PVBO 
is better than in the other samples. According to FTIR 
analysis, the 1287 cm-1 and 1080 cm-1 absorption peaks 
are ascribed to the B–O–C bonds, which are the main 
evidence for the PVBO formation. Peaks of B–O–C were 
obtained from the PHD101 sample, which was calcined 
under different conditions. The polymeric precursor was 
calcined to decompose the organic compounds. Borate 
ester bonds in the polymeric precursor were destroyed 
by heat treatment and yielded a reactant composed of 
the distributed B2O3 in the C matrix. The optimum value 
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of C/B2O3, 3.34, was achieved at 500 °C for 2 h, with 
B2O3 being distributed at the nano-scale level in the car-
bon matrix. Finally, these samples were heat treated at 
1400 °C for 5 h. As a result, crystalline, irregular, and 
polyhedral B4C powder was synthesized from industrial-
grade raw materials.
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