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| A high performance bismaleimide (BMI)-epoxy-Rochelle salt (RS) composites reinforced with E-glass fiber (EGF) as well as silane |
coated unidirectional E-glass fiber (SC-EGF) were developed. The composite loaded with 2 wt.% of RS filler demonstrated maximum |
increment in dielectric constant as well as in mechanical properties. Composite with 3 wt.% of RS filler exhibited high dielectric strength
indicating their adaptability for high voltage insulating applications. Dielectric constants and dielectric loss of the fabricated composites |
measured at higher frequencies (in GHz) using Vector Network Analyzer at room temperature was found to be highest for the BMI-Epoxy |
composite with 1 wt.% filler. Among the composites, the reinforced with SC-EGF exhibited significant increase in mechanical properties |
attributing to the interaction between matrix and silane functional groups on the glass fiber as evident through IR spectroscopy. The |
developed composite exhibiting low dielectric loss and high dielectric permittivity at room temperature can be applied in high dielectric
applications. :
|
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INTRODUCTION

Being one of the most important high performance thermo-
setting resins, bismaleimide resin (BMI) has several applications
in electronics, radar [ 1], capacitors [2], stealth technologies [3],
circuit boards [4], microelectronics efc. [5,6]. Different appro-
aches like blending with rubber, thermoplastics, thermosets, rein-
forcement with glass fiber or carbon fiber, efc. may be adopted
to overcome the brittle nature of the cured resin, epoxy resins
are the widely used thermosetting matrix materials for high
performance advanced composites. Epoxies are widely accepted
in aerospace industry for the manufacture of most important
composite parts because of its excellent mechanical properties,
ease of manufacture and suitable service temperature [7]. BMI
composites possess mechanical properties higher than epoxies
and are more efficient than the corresponding epoxies in high
temperature applications. In order to achieve both temperature
performance of the BMI resin and the processing ease of epoxy
resins, attempts have been made to prepare BMI-epoxy comp-

osites [8,9]. The thermal, mechanical and dielectric properties
of the polymer composites mainly depend on the polymer
matrix, size and weight percentage of the filler materials [10].
All these parameters are crucial for the fabrication of polymer
composites and all these parameters should be optimized for
the development of a novel polymer nanocomposite.

Sodium potassium tartrate tetrahydrate, also known as
Rochelle salt (RS) or Seignette salt, utilized in phonograph pick-
ups and microphones, was the identified piezoelectric material
initially. Rochelle salt is highly soluble in water and delique-
scent but in humid environments, transducers composed of this
material may degrade. As the only known long-standing ferro-
electric, it has numerous applications including as a laxative,
in organic synthesis, in the silvering of mirrors, as a component
of Fehling’s solution, as an ingredient in Biuret reagent, etc.
[11,12].

Rochelle salt was the compound in which ferroelectric
behaviour was first recognized by Valasek [13]. Unusual dielec-
tric constant was exhibited by Rochelle salt in ferroelectric
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temperature from -40 °C to +40 °C. Levitskii et al. [ 14] studied
the piezoelectric effect of Rochelle salt on the basis of Mitsui-
type model and describes the dielectric relaxation and thermo-
dynamic properties along with ferroelectric phase transition
at the microscopic level in Rochelle salt.

The introduction of high dielectric permittivity materials
in nanoscale into the polymer matrix could increase the diele-
ctric constant of the polymer nanocomposites [15]. For high
dielectric applications, the polymer composite should exhibit
high dielectric permittivity, low dielectric loss and high break
down strength [16-18]. High dielectric permittivity is highly
desired for the dielectric materials used in the embedded capa-
citors and energy storage devices [19-21]. In order to enhance
the dielectric properties of the BMI epoxy composites, suitable
fillers with high dielectric constants are added [22].

In present work, the effect of incorporation of Rochelle
salt (RS) filler into BMI-epoxy composites reinforced separ-
ately with E-glass fiber (EGF) and silane coated unidirectional
E-glass fiber (SC-EGF) on the thermo-mechanical as well as
dielectric properties is investigated. To the best of our know-
ledge, this is first report on the fabrication of Rochelle salt
incorporated BMI-epoxy composites.

EXPERIMENTAL

Bismaleimide resin (BMI) was obtained from ABR Organics
Ltd. Hyderabad, India. Epofine-1564 was procured from Fine
Finish Organics Pvt. Ltd., Taloja, India. Rochelle salt (sodium
potassium tartarate tetrahydrate, Sigma-Aldrich, India), E-Glass
fibers (EGF) and silane coated E-Glass fibers (SC-EGF, Urja
Products Pvt Ltd, India) were also purchased for this study.

Preparation of Rochelle salt crystals (RS): Mechanical
ball milling based on the top-down method was used for produ-
cing metallic and ceramic materials. Rochelle salt crystals were
ground well for a period of 4 h using a ball mill.

Fabrication of bismaleimide (BMI)-epoxy composites:
Fabrication of both silane coupled E-glass fiber (SC-EGF) and
E-glass fiber (EGF) reinforced BMI-epoxy composites with
1-5 wt.% of RS filler and without this filler were done using
hand layup method followed by compression moulding, by
maintaining 15:1.5 weight ratio of BMI and epoxy resin in all
the composites [23].

Characterization: The chemical structure of the BMI resin,
BMI-epoxy composites, RS crystals, interactions of the RS
crystals in the composites were characterized using a Fourier
transform infrared spectrometer (FTIR-ATR) IRAffinity-1S,
Shimadzu, Japan. During the measurements transmission mode
was selected and all the FTIR spectra were recorded in the range
4000-400 cm™. X-ray diffraction XRD analysis was done using
X-ray diffractometer Aeris, PANalytical -United Kingdom with
Cu-Ko radiation (1.5406 A wavelength), as the source. TGA-
DSC was performed using Perkin-Elmer STA 6000, USA. The
thermal scans were recorded at a heating rate of 20 °C/min in
nitrogen atmosphere between 30-750 °C. The morphological
studies were done by using the SEM images from JSM-6390LYV,
Japan. Elemental characterization of RS crystals was assessed
by energy dispersive X-ray (EDX) analysis using Oxford XMX
N, USA. The bending and tensile tests of the composites were

studied as per ASTM standards using universal testing machine
(UTM), Autograph AG-X plus, Shimadzu GmbH. Dielectric
behaviour of samples was studied using Alpha—A-Analyzer,
Germany in the range of 10>-10° Hz. Dielectric permittivity at
GHz frequencies of the fabricated samples was measured using
vector network analyzer using different SRR’s. As per ASTM
D149 IEC 80243, Hipotronics-AC Dielectric test, Brewster,
N.Y., USA, the AC Break down studies were performed on
BMI/Epoxy RS composites.

RESULTS AND DISCUSSION

Thermal studies: The TGA curves of BMI resin, RS crystals,
BMlI-epoxy composite and BMI-epoxy composite with 2%
RS filler are shown in Fig. 1. The TG analysis was done bet-
ween 30 to 750 °C at a heating rate of 20 °C per min in nitrogen
atmosphere. By comparative analysis of Fig. la(ii&iv), it is
clear that BMI-epoxy composite with 2% RS filler have larger
value of T,, which may be due to the greater extent of cross
links during curing and incorporation of RS filler strengthens
the intermolecular forces. From the TGA curves (Fig. 1a), it
is observed that BMI-epoxy composite with 2% RS have higher
thermal stability compared to BMI resin and BMI-epoxy matrix,
which may be due to the interaction of the dispersed RS filler
with adjacent polymer matrix layers (Table-1).

TABLE-1
WEIGHT LOSS PERCENTAGES OF SAMPLES
OBTAINED FROM THERMOGRAVIMETRIC CURVES

Temp. Weight Total weight
Compound Stage ((,C;) lloxss (g% ) loss (% ;);

1 47-383 4
. 1T 389-459 22

BMI resin I 460-580 18 66.0
v 588-722 22
1 45-357 5

BMI-epoxy RS II 367-462 9 44.0

(2%) composite III 471-579 8 ’

v 591-717 22
1 46-118 8
1T 121-241 16

RS crystals I 251-291 19 57.0
v 304-717 14
1 118-433 8

%ﬁg’;g I 445516 18 934
without RS filler ~ M~ 523-605 15

v 611-736 53.4

By comparing the three DSC curves, Fig. 1b(i-iii), the
same endo curves could be observed around 558-563 °C in all
the three cases i.e., 563 °C for BMI resin, 559 °C for RS crystals
and 558 °C for BMI-epoxy 2% RS composites. Glass transition
temperature of BMI resin (288.85 °C) was also identified from
the DSC curve of the BMI resin.

Morphology of Rochelle salt crystals: SEM image of
the Rochelle salt (Fig. 2a) revealed that the lattice is composed
of polydispersed particles with diameter varying from 1-10 pm
with sphere like morphology. The morphological variation of
BMIl resin as well as BMI-epoxy matrix is shown in Fig. 2(b-c).
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Fig. 1. (a) Thermograms of (i) BMI resin (ii) BMI-epoxy composite with 2% RS filler (iii) RS filler (iv) BMI-epoxy composite without RS
filler (b) DSC curves of (i) BMI resin (ii) RS crystals (iii) BMI-epoxy composite with 2% RS filler
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Fig. 2. SEM images of (a) RS crystals (b) BMI resin (c) BMI-epoxy composite without filler, cross sectional SEM images of BMI-epoxy
nanocomposites with (d) 2% (e) 3% weights of RS particles and (f) EDAX of RS particles

The defective void like surface of BMI resin changes to more
dense like structure in BMI-epoxy matrix indicating good com-
patibility between the blended polymers, which was also comp-
lemented by FTIR studies confirming the inter crosslinking
between BMI and epoxy. Fig. 2d-e represents the cross-sectional
SEM images of bismaleimide-epoxy composites loaded with

2 and 3 wt.% of RS particles. Bismaleimide-epoxy composite
with 2 wt.% of RS particles possesses a uniform smooth surface
that reveals the homogeneous dispersion of RS particles. EDAX
pattern of RS particles (Fig. 2f) showed the presence of carbon,
oxygen, sodium, potassium and silicon with atomic percentages
of 56.40, 36.69, 2.77, 3.31 and 0.83, respectively.
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From the diffractogram of RS, the maximum peak is obtained
at 20 = 16.19°and FWHM (B) = 0.13. Crystallite size (D) can
be calculated using the Scherrer’s formula:

K
BcosO M
where k =0.89 (constant for spherical particle), A is the wave-
length of Cu-Ko. X-ray radiation used (0.15406 nm), f3 is the
full width at half maximum (FWHM) of the most predominant
peak obtained from diffractogram and 0 is the angle of diffra-
ction. The value of D was found to be approximately 61 nm.
EDAX spectra of the fabricated BMI-epoxy composite
with 3 wt.% RS filler (Fig. 3a) confirmed the presence of carbon,
oxygen, sodium and potassium in the sample. However, traces
of silicon could also be observed in the spectra. Silicon has
originated from the RS filler as evident from the EDAX of RS
(Fig. 2f). EDAX mapping image (Fig. 3b) shows the dispersion
of various elements throughout the composite matrix. Fig. 3c-e
further show the dispersion of individual elements i.e. carbon,
nitrogen and oxygen, respectively in the composite. The mapp-
ing image of these elements does not show any aggregation,
indicating uniform dispersion of RS filler along BMI-epoxy
composite matrix.

Carbon

250 pm 250 pm

XRD studies: The semi-crystalline nature of BMI has
changed to amorphous when modified with epoxy resin [Fig.
4b(i-ii)] primarily because of the intercalation of epoxy chains.
Fig. 4a, represents the X-ray diffractogram of RS and the cryst-
allite size of the RS as determined using Debye-Scherrer’s
equation was found to be ~61.02 nm. The XRD pattern gave
several sharp peaks confirming the crystalline nature of RS.
The XRD pattern of BMI-epoxy composite loaded with 2%
RS as filler as shown in Fig. 4b(iii) indicated that RS loading
into BMI-epoxy matrix has considerably altered the diffraction
patterns of later. The single halo peak extending from 26 values
10° to 30°, has splitted up into three peaks. In addition, some
of the peaks corresponding to the crystal planes (410), (440),
(512), etc. of RS are also visible. All these confirmed that crys-
tallinity of BMI-epoxy has increased slightly upon RS loading
(Table-2). These observations further point out the fact that
RS was successsfully incorporated into BMI-epoxy composite
matrix and an appreciable interaction existed between the com-
posite matrix and RS filler.

FTIR studies: The FTIR spectrum of RS crystals recorded
in the range 4000-400 cm™ is shown in Fig. 5a. The strong
C=0 stretching band at 1610 cm™ confirms the presence of
carboxylate anion structure [24,25]. The strong peak at 1384

250 pm

Fig. 3. EDAX spectra (a) and EDAX mapping (b, ¢ and d) of bismaleimide-epoxy composite with 3 wt.% RS
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Fig. 4. X-ray diffraction pattern of (a) Rochelle salt (b) (i) BMI resin, BMI-epoxy composite (ii) without RS (iii) with 2% RS

TABLE-2
COMPARISON OF 26 AND d VALUES IN BMI-EPOXY RS
NANOCOMPOSITES WITH 2% AND 3% OF RS FILLER

cm’ is due to COO™ symmetric vibration. Strong C-H stretch-
ing peaks are observed at 1118 cm™ and 2328 cm™ and the C-H
stretching bands at 2137 (medium), 1240 (weak) and 1211 cm'

Rochelle salt BMI-epoxy composites with (weak) were also observed. The strong and sharp C-O stretch-

_ 2hvE A Sk (IR italle ing peak at 982 cm™ indicates less interaction with other groups

26 d@) 26 d@) 26 d@) in the crystal. The strong peak at 896 cm™ corresponds to C-C

7499 L178 7.511 1.176 7.506 1.176 stretching vibrations, whereas the medium peaks at 825, 707

SRS L1 Sl L= S 2777 and 613 cm™ corresponds to the carboxylate anion. The low

18.0615 04908 18.07 0.4906 18.087 04901 intensity O-H stretching vibration and strong O-H deformation
184527 04805 | 18471 04800 | 18453 04793 y g g

Mapping of carbon (c) nitrogen (d) and oxygen (e).

appears at 3242, 3464 and 1051 cm™, respectively (Table-3).
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Fig. 5. FTIR analysis of (a) RS crystals (b) (i) BMI-epoxy composite (ii) BMI resin
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TABLE-3
IMPORTANT IR STRETCHING
FREQUENCIES OF PURE RS CRYSTALS

Wavenumber (cm™)

Assignment

3464.15w O-H stretching
3242.34m O-H stretching
2328.08s C-H stretch
2137.13m C-H stretch
1610.56vs C=0 stretch
1384.89s C=0/-COO
1240.23w C-H stretch
1211.29w C-H stretch
1118.71s C-H stretch
1051.20s O-H deformation
981.76s C-O stretching
896.89s C-C stretch
825.53m 8o
707.87m Teoo
613.36m Tooo

FTIR spectra recorded for pure BMI resin and BMI-epoxy
composite are shown in Fig. 5b. Comparison of the peaks of
FTIR spectra for pure BMI resin and BMI-epoxy composite
reveals that the peaks corresponds to (i) the maleimide benzene
ring and imide group at 686 and 1386 cm™, (ii) C=0 group at
1705 cm™ and (iii) C=C benzene ring at 1512 cm™ show no
shift in bands. The following shift in bands were observed during
the fabrication of BMI-epoxy composites viz. (i) strong peak
corresponds to C-N-C maleimide group at 1147 cm™ shifted
to 1094 cm™ (medium) and (ii) peak corresponds to -C-H male-
imide group at 3101 cm™ shifted to 2965.57 cm™.

Transmittance (%)
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)
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2%

;
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I
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I I
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FTIR spectra of EGF and SC-EGF reinforced BMI-epoxy
composites with varying weight percentages of RS filler (1-
5%) are shown in Fig. 6. Comparative studies reveal that the
characteristics peaks are not that much altered in differently
reinforced BMI-epoxy RS composites. The IR peak for the
oxirane ring of the epoxy resin is absent at 915 cm™ in both
BMI-epoxy composites with and without nanofiller [Fig. 6 &
5b(i)]. This suggests the possibility of ring opening and conse-
quent crosslinking between epoxy and BMI. Absorption in the
region 2850-3000 cm™ corresponds to C-H stretching. The
wavenumbers corresponding to epoxide ring vibrations (970,
862 and 1248 cm™) were also absent in the FTIR spectra of
both BMI-epoxy composites with and without nanofiller further
confirming the absence of epoxide ring. This indicates that
during the fabrication of BMI-epoxy composites, inter cross-
linking between BMI and epoxy resin occurred which procee-
ded through the ring opening of epoxy (oxirane ring) and form-
ation of -N-CH(OH)CH,- bonds between N of maleimide ring
and —CH of epoxy resin [26].

Mechanical properties of BMI-epoxy RS composites:
Fig. 7 represents the flexural and tensile measurements of the
composites done as per ASTM standards. The flexural and
tensile strength of BMI-epoxy RS composites were higher than
that of BMI-epoxy composite without filler. When the wt.%
of RS filler was different, the magnitude of tensile and flexural
strength also varied and maximum value of tensile strength and
flexural strengths was obtained when the wt.% of RS is 2%.
This may be due to the uniform distribution of RS filler in the
BMI-epoxy matrix with less agglomeration that facilitated
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2%

Transmittance (%)

3%

4%

5%

T
2000
Wavenumber (cm™')

!
3000

Fig. 6. FTIR analysis of the BMI-epoxy RS composites reinforced with (a) EGF (b) SC-EGF
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Fig. 7. Comparitive study of effect of wt.% of RS particles on (a) tensile strength and (b) flexural strength of BMI-epoxy RS composites
reinforced with E-glass fiber (EGF) and silane coated E-glass fiber (SC-EGF)

comparatively strong interaction between the polymer matrix
and filler, as evident from the SEM images (Fig. 2d-e).

The comparative analysis of the above test results showed
that there is remarkable increase in the tensile and flexural
strength of silane coated E-glass fiber reinforced composite,
establishing the fact that there exists greater interaction between
silane coated E-glass fiber and the polymer matrix [27].
Dielectric properties of BMI-epoxy RS composites

Dielectric permittivity: The studies were carried out at
room temperature for the frequency range from 10 to 10°Hz.
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3% RS 4% RS
145+ 5% RS
140 4
>
S 1354
.“é
9]
2 130+
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7 125
1204
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Dielectric permittivity

The plots of dielectric permittivity for the BMI-epoxy-RS com-
posites with varying wt.% of RS crystals are shown in Fig. 8.
The experimental values of dielectric constant showed a decre-
asing trend with increase in frequency as we expect in most of
the dielectric materials that may be due to interfacial relaxation.
Interfacial polarization have enough time to orient themselves
in the direction of the alternating field [28]. Maximum values
of dielectric constants are obtained for BMI-epoxy composite
with 2 wt.% of RS filler [29,30]. Nanofiller content is responsi-
ble for the heterogeneity of the systems and the extended inter-
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() 4% RS

160 =
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L L) )
2 3 4 5 6
log f

Fig. 8. Variation of relative permittivity with RS loadings of BMI-epoxy composites reinforced with (a) E-GF (b) SC-EGF
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face. Space charges migrate under the influence of the field
and accumulated at the interfaces where they form dipoles with
enhanced inertia. This charge trapping procedure at the inter-
face contributes to the dielectric response and permittivity [31].
Dielectric loss: Fig. 9 shows the variation of dielectric loss
versus applied frequency for the differently loaded RS (1-5
wt.%) BMI-epoxy composites. At first, dielectric loss of the
fabricated composites decreases with increase in frequency
as expected due to the reduction of space charge polarization
effect, reaches a minimum value and thereafter it increases
with increase in frequency. At higher frequencies, due to the
charge accumulation at polar grain boundaries, polarization
increases resulting in increased mobility of charge carriers lead-
ing to high dielectric loss [32]. At very small ratio of RS (2%)
the dielectric loss of the composite remained very low.
Dielectric properties at high frequencies: Dielectric
permittivity and dielectric loss of the nanocomposites have been
determined at GHz frequencies (Fig. 10) using vector network
analyzer at room temperature [33]. Dielectric permittivity was
found to be highest and dielectric loss was lowest for the BMI-
epoxy nanocomposite with 1 wt.% nanofiller. When the wt.%
of RS filler is above a certain value, the presence of agglome-
rated nanofiller at the interface may reduce the formation and
accumulation of space charge. This may also leads to decrease
the rate of charge trapping and so the dipoles get enough time
to orient themselves which leads to decrease in dielectric perm-
ittivity. High frequency will disturb the already aligned dipoles
in ferroelectric material and the reorientation of dipoles will

030 (a)

W

0.25
5%
0.20
1%
; W
8 0154

M w
0.10- )

0.05 _W

Frequency x 10° (Hz)

not be easier in an external field and this leads to decrease in
dielectric permittivity.

Breakdown voltage and dielectric strength: Dielectric
breakdown strength of an insulating material depends on several
factors like chemical structure, additives with different dielec-
tric constant, structural irregularities, interfacial interactions
between the polymer matrix and filler/additive, distortion of
electric field due to the difference in dielectric permittivities
of the polymer matrix and the filler, degree of crystallinity, efc.
Fig. 11 represents the effect of wt.% of RS crystals on dielectric
strength of BMI-epoxy-RS composites. The energy storage
capacity and energy density of polymer nanocomposites depend
upon the value of break down field strength. Glass fiber rein-
forced (E-GF and SC-EGF) BMI-epoxy-RS crystals with 3%
of RS filler have better insulating properties. The increase in
breakdown strength may be due to the synergic effect of uni-
form dispersion of the filler in BMI-epoxy matrix as well as
the reduction in the mobility of the polymer chains as a result
of interaction of Rochelle salt with BMI-epoxy matrix through
hydrogen bonding.

Conclusion

In this research work, both E-glass fiber (EGF) and silane
coated unidirectional E-glass fiber (SC-EGF) reinforced BMI-
epoxy composites, BMI-epoxy composites with RS particles
at different loadings were prepared and the effects of differently
loaded RS filler on the mechanical, thermal and dielectric prop-
erties of BMI-epoxy composites were studied. Both EGF and
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Fig. 9. Frequency -tan § graph of BMI-epoxy RS composites reinforced with (a) EGF (b) SC-EGF
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Fig. 11. Effect of wt.% of RS crystals of BMI epoxy composites reinforced
with both EGF and SC-EGF on break down voltage

SC-EGF reinforced BMI-epoxy-RS composites with 3 wt.%
of RS filler have better insulating properties and with 2 wt.%
of RS filler have better dielectric and mechanical properties.

The enhancement in both mechanical and dielectric properties
may arise from the synergic effect of uniform dispersion of
RS filler and comparatively strong interaction between the
polymer matrix and RS filler. Tensile strength of BMI-epoxy
composite with 2 wt.% RS nanofiller was increased 1.05 and
3.34 times both in EGF and SC-EGF reinforced composites
whereas the flexural strength of the above composite was incre-
ased 1.085 and 4.24 times, respectively with EGF and SC-EGF
reinforcement as compared to the composite without filler. The
enhancement in breakdown voltage of BMI-epoxy composite
with 2 wt.% RS nanofiller was found to be 1.12 and 3.88 times,
respectively with EGF and SC-EGF reinforcement as comp-
ared to the composite without filler. This significant enhance-
ment in tensile and flexural strength as well as in breakdown
voltage may be due to greater interaction between SC-EGF and
the BMI-epoxy matrix. Maximum value of dielectric constant
and minimum value of dielectric loss is obtained for BMI-epoxy
composite with 2 wt.% of RS filler. Among the differently rein-
forced composites the one with SC-EGF reinforced showed
remarkable enhancement in both mechanical and dielectric
properties that may be due to greater interaction between SC-
EGF and the BMI-epoxy matrix. So these composites might
be applied in high dielectric application devices.
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