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Abstract

The potential of using granite dust as reinforcement into polybenzoxazine matrix was investigated. In this article, novel 
granite powder waste-reinforced bisphenol-A aniline-based benzoxazine composites were prepared using solution 
blending technique by varying the content of granite powder from 10 to 40 wt%. The e�ect of the granite powder 
content on the thermal, structural, dimensional, and morphological properties of granite powder/polybenzoxazine 
composites have been investigated. Thermogravimetric analysis (TGA) was performed on the composite samples. Char 
yield of the composites increased from 44.55 to 67.70% for increasing �ller content from 10 to 40wt%, whereas 22% 
for pure polybenzoxazine. The maximum weight loss temperatures of the composites were analyzed from derivative of 
thermogravimetric analysis (DTG). Limiting oxygen index (LOI) values also increased as granite powder content increased. 
Structural properties of benzoxazine, polybenzoxazine, and composites were observed with Fourier-transform infrared 
spectroscopy (FTIR). Dimensional stability of the composites was investigated through the water absorption test up to 
30 days. The composites exhibited zero percent water absorption. Micro-hardness of the composites increased from 
17.45 to 78.66% for increasing �ller content from 10–40 wt% when compared with pristine polybenzoxazine. The mor-
phological analysis using scanning electron microscopy (SEM) showed the distribution of �ller, aggregate formation, 
compatibility between polybenzoxazine and granite powder. Overall, the importance of using granite powder waste as 
reinforcement in polybenzoxazine composites revealed from results of the structural, dimensional, and morphological 
analysis along with the improvement in thermal properties and micro-hardness.

Keywords Granite powder · Polybenzoxazine · Composite · Thermal · Structural · Micro-hardness · Morphology · Water 
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1 Introduction

A million tonnes of stone production take place through-
out the world every year, which causes the generation of 
massive waste. Granite slurry waste is a product obtained 
while shaping granite rocks. This is mainly composed of 
quartz, small content of mica, feldspar, amphiboles, and 
other elements [1]. The importance of the work is to utilize 
granite stone waste which is anti-biodegradable and caus-
ing various problems if it mixes into the air or when it is 

left on the ground. Currently, industrial waste-reinforced 
polymer composites are gaining researchers and industri-
alist’s attention [1–3]. Yet little research done on the use of 
waste granite powder as the �ller in thermosets has been 
published so far. Pawar M.J. et al. reported about granite 
powder, jute �ber, and carbon �ber, granite powder-rein-
forced epoxy composites [4, 5]. Shujit et al. presented in a 
paper about polyester composites reinforced with granite 
powder scrap [6]. Wear testing was performed on glass 
�ber and granite powder-reinforced epoxy composites by 
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Nallusamy and Karthikeyan [7]. Mathavan, J.J., and Amar, P. 
analyzed wear characteristics of polymer composite rein-
forced with granite powder for wind turbine blade [8]. 
Therefore, if the granite powder (GNT) is used as a �ller, it 
would be advantageous to minimize the cost of the com-
posites and it will be bene�cial in granite powder waste 
management [9]. GNT is used for the preparation of tiles; 
bricks and �y ash magnesium oxychloride cement; and 
�ller for roads [10–12].

The benzoxazine resin is having excellent molecular 
design flexibility, near-zero volumetric change upon 
curing, high heat resistance, chemical resistance, low 
dielectric constant, excellent thermal and mechanical 
properties, very low melt viscosity, low flammability 
[13–17]. Even though all these properties of polyben-
zoxazine (PBZ) lead to many applications such as elec-
tronic packaging materials, coatings, composites, and 
adhesives, its brittleness and high curing temperatures 
are having few disadvantages of PBZ which restricts to 
some more applications [17].

The granite powder has high compressive strength 
(greater than 200 MPa) and availability, because of that 
it is drawing researcher’s attention as a filler in thermo-
setting composites [28]. The granite powder has been 
reinforced with polypropylene, polyester, and more 
with epoxy resins [6, 27, 29]. However, challenges asso-
ciated with granite particles as a filler are incompatibility 
between polymer and GNT, tendency to form aggregates 
during processing, and low resistance to moisture [18]. 
These challenges are expected to overcome by reinforc-
ing GNT into polybenzoxazine due to low melt viscosity, 
molecular design flexibility, and moisture resistant prop-
erties of benzoxazine.

In this paper, thermal, structural, dimensional, and 
morphological properties of granite powder-reinforced 
bisphenol-A aniline-based polybenzoxazine (BPA-PBZ/
GNT) composites were evaluated along with micro-
hardness. The granite powder content in the resin varied 
from 10 wt% to 40 wt%. Curing of the composites took 
place in a vacuum oven. The raw granite powder (without 
any treatment) was used as �ller. Granite particles have 
higher melting point temperature, high oxidation resist-
ance, and excellent strength over other materials such as 
silica. Studies proved that improvement of mechanical 
and thermal properties is possible by reinforcing fumed 
silica into polybenzoxazine [19]. Therefore, this study is 
expected to improve thermal and physical properties by 
using granite powder as �ller in polybenzoxazine matrix. 
The composites expected to exhibit a substantial increase 
in char yield, LOI, micro-hardness over pristine polyben-
zoxazine, and the study of structural, morphological, and 
dimensional properties give great information about the 
composites.

2  Materials and methods

2.1  Materials

Bisphenol-A was supplied by Antares Chem Private Lim-
ited, Mumbai. Paraformaldehyde for synthesis 96%, aniline 
for synthesis 99%, 1,4-dioxane pure 99% were procured 
from Amaravathi Scienti�cs and Lab equipments, Gun-
tur. Granite slurry waste was collected from CNR granites, 
Amaravati, India. Here, granite powder is obtained as the 
dust from the granite sawmill while cutting various granite 
rocks.

2.2  Synthesis of bisphenol‑A aniline benzoxazine

The bisphenol-A aniline benzoxazine material is prepared 
using BPA, aniline, and paraformaldehyde at 1:2:4 molar 
ratio and dioxane used as the solvent. Bisphenol-A and 
aniline solution are stirred in a round bottom vessel at 
room temperature for not less than 30 min. Then, the tem-
perature of the mixture reduced to below 5 °C with the 
help of an ice tub to add paraformaldehyde and dioxane. 
Then, the reaction vessel was heated for 1 hour at 60 °C 
and the temperature increased to 120 °C followed by con-
stant stirring for 5 h at 300 rpm. An orange-colored ben-
zoxazine monomer residue was obtained which is used as 
matrix material.

2.3  Filler preparation

Granite slurry waste obtained while sizing the granite 
rocks was collected from CNR granites, Amaravati, India. 
It was dried under sunlight for a month and further dried 
for 48 h in an oven at 200 °C to remove moisture. Then, 
oven-dried granite powder was sieved with 425 µ mesh 
to maintain the uniform size of the particles and the same 
is used as �ller.

2.4  Methods

Degradation or weight loss of the composite samples 
was investigated using thermogravimetric analyzer (TGA) 
model Hitachi STA-7200 instrument. The samples taken 
to investigate were in the range of 10 to 20 mg, heated 
from 30 to 800 °C under nitrogen purging of 20 ml/min 
at a heating rate of 20 o C /min. The maximum weight loss 
temperature of the composites was analyzed from deriva-
tives of thermogravimetric analysis (DTG). FTIR spectra for 
the composites were recorded from 4000 to 400  Cm−1 
on an Agilent Cary 630 FTIR spectrometer instrument. 
Micro-hardness of the composites was tested using digi-
tal Vickers micro-hardness tester HVS1000B, Daksh quality 
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systems Pvt. Ltd., Ahmadabad, India, equipped with an 
inbuilt printer, hardness conversion facility, automatic 
digital hardness, reading with a load range from 10 gm 
up to 1000 gm with the latest LED light facility for crystal 
clear vision, automatic dwell time selection, and magni-
�cation 100x, 400 x. The samples were tested at 100 gf 
and 10 s of constant load and dwell time. The indentation 
was measured by a micro-metric eyepiece of 400 objec-
tive lens magni�cation. The micro-hardness of the samples 
reported was the average of four readings.

The composites of dimensions 35 mm dia and 4 mm 
thick were prepared to evaluate the water uptake of the 
composites. The composite specimens were oven-dried at 
70 °C till the weight of the composites reached to constant 
weight, before the insertion of the samples into distilled 
water. The values tabulated are the average of three sam-
ples. The samples were taken out every 24 h and wiped 
surface water with cotton, re-checked the weight of each 
sample, and immersed back immediately into the distilled 
water. Water absorption of the composites was measured 
using the formula as follows.

The morphology of the composites (BPA-PBZ/GNT) and 
interfacial adhesion between GNT and PBZ were examined 
by scanning electron microscopy (TESCAN, VEGA 3 SBH, 
CZECH Republic) at an acceleration voltage of 10 kV.

3  Results and discussion

3.1  Preparation of granite powder/
polybenzoxazine composites

Benzoxazine monomer which is in solid form was taken 
into four round bottom �asks and dioxane of appropriate 
proportion added to it to dissolve the benzoxazine. The 
proper dissolving of benzoxazine happened by stirring the 
content for 30 min. Granite powder particles of four weight 
ratios such as 10, 20, 30, and 40 wt% were added to the 
matrix in a round bottom �asks and stirred overnight for 
the homogeneous mixing and thereby wetting of the �ller. 
The mixtures were gently poured into four di�erent Petri 
dishes of 100 mm dia. The Petri dishes were kept at 50 °C 
in an oven overnight, to evaporate the solvent. Curing of 
the samples was done at the rate of 20 °C/hour from 100 to 
220 °C and then cooled to ambient temperature [20]. The 
cured composites were tough and appeared in dark gray 
color with glassy �nish. The granite powder-reinforced bis-
phenol-A aniline-based polybenzoxazine composites were 

(1)Water absorption, % =

[

Sample weight after soaking − Sample weight before soaking

Sample weight before soaking

]

× 100

abbreviated as BPA-PBZ/GNT 10, BPA-PBZ/GNT 20, BPA-
PBZ/GNT 30, and BPA-PBZ/GNT 40 based on the weight 
percentage of the granite powder.

3.2  Fourier‑transform infrared spectroscopy (FTIR)

The structure of benzoxazine monomer was con�rmed 
through FTIR. The FTIR plot of bisphenol-A aniline-based 
benzoxazine monomer and polymer is depicted in Figs. 1, 
2 [21].

The characteristic absorption peak at 941 cm−1 indi-
cates the oxazine ring [22]. Also, 1230 cm−1 indicates the 
C–O–C asymmetric as well as symmetric stretching vibra-
tions. C–N–C asymmetric and symmetric stretching vibra-
tion observed at 1118–1157 cm−1 and around 822 cm−1 
con�rmed the structure of the benzoxazine ring. The sharp 
and very strong bands at 1494 cm−1 and the bands with 
medium intensity at 1597 cm−1 correspond to the tri-sub-
stituted structure of the benzene ring with in-plane as well 
as the out-of-plane bending mode of C-H. The bands at 
753 and 691 cm−1 are assigned to the monosubstituted 

benzene in the skeleton of bisphenol-A. There is an OH 
peak at 3412 cm−1, and it may be due to the ring-opening 
mechanism of benzoxazine monomer on a small scale.

The curing behavior of benzoxazine was analyzed 
by FTIR spectra. The characteristic absorption bands at 
941 cm−1 are due to the formation of benzoxazine struc-
ture, symmetric and asymmetric stretching of C–O–C, and 
 CH2 wagging at 1325 cm−1, and tri-substituted benzoxa-
zine ring at 1494 and 822 cm−1 disappeared completely, 
due to complete opening of the ring. The strong absorp-
tion bands assigned to the asymmetric stretching of the 
C–N–C shift around 1120 cm−1. The new absorption band 
is visible around at 1702, 1491 cm−1, which are ascribed 
to intermolecular hydrogen-bonded phenolic OH and 
tetra-substituted benzoxazine ring [23, 24]. These show 
that the ring-opening cross-linking of the bisphenol-A 
aniline-based benzoxazine produced linkage of Man-
nich bridge and phenolic hydroxyl groups. FTIR spectra 
of 10 to 40 wt% granite dust-�lled polybenzoxazine com-
posites are represented in Fig. 3. The presence of bands 
at 690 cm−1, 580 cm−1 was due to the presence of Si–O 
(quartz), rich content of iron oxides in granite dust, and 
Swaminathan et al. reported that there was no change in 
the structure of granite powder at higher temperatures 
up to 900 °C [25]. The comparison of FTIR spectra of ben-
zoxazine monomer, polymer, and composites showed 
that 941 cm−1, 1325 cm−1, 1494 and 822 cm−1 are also 
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disappeared completely in Fig. 3 due to complete oxazine 
ring opening by formations of composites.

3.3  Scanning electron microscopy (SEM)

Morphology of the GNT/PBZ composites was investigated 
using scanning electron microscopy (SEM) as depicted in 
Fig. 4. This revealed substantial compatibility between the 
PBZ matrix and GNT �ller because of stirring the benzo-
xazine and granite �ller mixtures overnight for the wet-
tability of the �ller. Strong compatibility between GNT and 
PBZ is vital for the improvement of thermal properties and 

hardness of the composites. The dispersion of granite par-
ticles into the matrix was observed from the SEM images 
and concluded that granite particles were well distributed 
throughout the matrix. Additionally, the penetration of 
benzoxazine into the microstructure of granite powder 
was observed which causes the PBZ to become mechani-
cally interlocked through granite powder irregularities. 
The granite powder tends to form aggregates when mixed 
with polymers, [18], but here from the SEM analysis, aggre-
gates formation was not observed, that is there was no 
visible accumulation of matter found, which may be due 
to low A-stage viscosity of the polybenzoxazine resin.

Fig. 1  FTIR of BPA aniline-based benzoxazine monomer

Fig. 2  FTIR of cured BPA 
aniline-based benzoxazine
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3.4  Thermogravimetric analysis (TGA)

BPA-PBZ/GNT composites thermal stability, char yield, and 
degradation temperatures were analyzed using thermo-
gravimetric analysis, and the supporting plots are depicted 
in Fig. 5. The temperatures of 5% and 10% weight loss  (T5, 
 T10), amount of char yield (CY) and estimated char yield 
(when independently decomposed) at 800 °C, and LOI 
are shown in Table 1. As the GNT content increased, char 
yield of the composites also increased, and this is 22% 
for the neat resin and 67.70% for the highly �lled system. 
Polybenzoxazine individually recorded less char yield, 
whereas the GNT/PBZ composites recorded an increase 
in char yield for the increase in GNT content. From this, 
it was obvious that the addition of granite powder char 
yield of the composites is also increasing substantially. 
Shujith, C.P. et al. reported an increase in char yield to 62% 
for the addition of up to 50 wt% of granite powder scrap 
in polyester resin, respectively, as compared to nearly 0% 
for un�lled polyester resin at 550 °C temperature cell [6]. 
The  T5 values of 10, 20, 30, and 40 wt% granite powder-
�lled composites were 240.16, 242.27, 245.35, and 280.41, 
respectively. The weight loss temperature of composites 
increased with increase in GNT content due to high resis-
tivity of �ller as well as polybenzoxazine to the tempera-
ture. Even though  T5,  T10 values of composites increase 
with respect to increase in GNT content, decrease in  T5, 
 T10 values is observed in comparison of pure polybenzo-
xazine and P(BPA-BZ)/GNT 10 due to less degradation of 
temperature of polybenzoxazine over GNT and less in�u-
ence of 10 wt% of GNT over 90 wt% of polybenzoxazine, 

but the rate of weight loss of granite powder-�lled com-
posites is found to be decreased as compared to pure 
polybenzoxazine due to higher temperature resistivity of 
granite powder. The initial weight loss of the composites 
started at about 200 °C, and from 200 °C to 350 °C initial 
weight loss because degradation of benzoxazine starts at 
about 220 °C as reported by Sarawut et al., and 350–550 °C 
secondary major degradation and 550–800 °C �nal deg-
radation of the composites occurred [20]. From Fig. 5, it is 
clear that the degradation of the composites occurred in 
two steps because of presence of GNT particles, whereas 
single step degradation for pure PBZ within the tempera-
ture range 200–550 °C. The initial lower decomposition of 
composites was because of the hydrated water evapora-
tion of granite powder crystal components as GNT pow-
der consists completely crystal components [6]. The TGA 
of granite powder was tested up to 800 °C based on the 
limitation of the equipment available, and no major deg-
radation observed up to 800 °C. The maximum weight loss 
temperatures  (Tmax) of the composites were analyzed from 
DTG plot as shown in Fig. 6. The increase in granite powder 
content slightly reduced the  Tmax of the composites, i.e., 
from 396 to 392 °C when compared with the pure poly-
benzoxazine, and interestingly  Tmax remains same for all 
the composites irrespective of the raise in granite powder 
content due to high temperature resistance of granite 
powder. Limiting oxygen indices (LOI) of the composites 
at 800 °C were calculated using the relation between LOI 
and char yield [26], i.e.,

(2)LOI = 0.4 CY + 17.5

Fig. 3  FTIR spectra of the 
various weight ratios (10, 20, 
30, and 40) of granite powder-
reinforced polybenzoxazine 
composites
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Fig. 4  SEM analysis of PBZ/GNT composites
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Fig. 5  Thermogravimetric 
analysis of BPA-PBZ/GNT com-
posites, pure resin, and GNT

Table 1  Degradation 
temperatures at 5 and 10% 
weight loss  (T5,  T10), char yield 
and estimated values of char 
yield at 800 °C, and LOI of BPA-
PBZ/GNT composites

Composite samples T5 (oC) T10 (oC) Char yield % at 
800 °C  (Yc)

Estimated values of 
char yield

LOI

P(BPA-BZ) 319.91 346 22 – 26.3

P(BPA-BZ)/GNT10 240.16 291.86 44.55 29.73 35.32

P(BPA-BZ)/GNT20 242.27 302.35 50.44 37.46 37.67

P(BPA-BZ)/GNT30 245.35 315.61 53.94 45.19 39.07

P(BPA-BZ)/GNT40 280.41 370.16 67.70 52.92 44.58

GNT – – 99.30 – 57.22

Fig. 6  DTG of BPA-PBZ/GNT 
composites, pure PBZ
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where CY is the char yield of respective composites at 
800 °C.

LOI is the percentage of oxygen that supports the com-
bustion of the polymer under nitrogen and oxygen purg-
ing. The composite’s LOI values increased with an increase 
in �ller content due to an increase in char yield because 
the char yield of the composite is directly proportional to 
LOI.

3.5  Water absorption

Water absorption test is conducted from 1 to 30 days 
continuously on granite powder �lled polybenzoxazine 
composites with GNT varying from 10 to 40 wt%. The 
water absorption of the composites remains the same 
irrespective of the weight percent of the �ller. BPA-PBZ/
GNT composites recorded 0% water absorption due to 
water resistant or low water absorption matrix material 
polybenzoxazine as reported by Sarawut, R. et al. [20].

3.6  Micro‑hardness

Vickers micro-hardness test results of the composites are 
shown in Fig. 7. A signi�cant increase in micro-hardness 
of the BPA-PBZ/GNT materials was found compared to 
pristine polybenzoxazine. The composite’s hardness was 
found to rise from the observed value of 353.93  MPa 
for the PBZ to the values of 415.71, 509.08, 560.17, and 
632.35 MPa with the respective GNT contents of 10, 20, 30, 
and 40% by weight, which is about 17.45–78.66% increase 
in MPa. This was due to the prevention of the deformation 
of polybenzoxazine by GNT particles. Therefore, micro-
hardness of the composites increased with the rise of GNT 
content. The hardness of granite powder-reinforced epoxy 

composites also increased with an increase in �ller con-
tent [27]. Pawar et al. reported improvement of hardness 
from 372.7 to 431.5 MPa for the reinforcement of granite 
powder from 8 to 24 wt% into epoxy matrix, respectively 
[4]. Hence, the hardness of the granite powder-reinforced 
polybenzoxazine composites is more than that of epoxy-
based composites.

4  Conclusions

The polybenzoxazine was prepared by using the solvent 
method and industrial waste such as granite powder 
e�ectively used as reinforcement material. The e�ect of 
the granite powder content on micro-hardness and ther-
mogravimetric, morphological, structural properties of 
BPA-PBZ/GNT materials was examined. The properties of 
granite powder-reinforced polybenzoxazine composites 
were concluded as follows. Along with increase in GNT 
content char yield of the composites increased that is 22% 
for the neat resin and 67.70% for the highly �lled system. 
From this, it was obvious that the addition of granite pow-
der char yield of the composites increases substantially. 
Moreover, degradation temperatures at 10% and 15% 
weight loss were reported. The limiting oxygen indices 
values also increased with increase in granite powder. 
The water absorption of the composites was recorded as 
zero percent irrespective of �ller content and the num-
ber of days immersed in water. Signi�cant improvement 
in micro-hardness was recorded with the increase in �ller 
content that is from 17.45–78.66% in HV. The morphology 
of the composites was studied using SEM and concluded 
that there was good compatibility between granite pow-
der and polybenzoxazine. Therefore, these materials are 

Fig. 7  Micro-hardness of 
granite powder-reinforced 
polybenzoxazine composites
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best suited for marine applications due to its zero percent 
water absorption and high hardness.
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