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Carbon black (CB) particles were employed as a reinforcing filler in carboxyl‐termi-

nated butadiene acrylonitrile rubber (CTBN)/epoxy resin (diglycidyl ether of

bisphenol‐A (DGEBA))/aromatic diamine (diamino diphenyl methane (DDM)) network

polymer blends. The strength, modulus, and ability to absorb impact energy of the

resulting composites were evaluated. The aim of this work was to determine the

effects of interfacial interactions between components, and processing conditions

(especially temperature) on mechanical properties. The application of high tempera-

tures during the kneading process resulted in strong interfacial interactions between

the CB particles and the CTBN. The formation of strong bonds at the CB/CTBN inter-

faces during kneading was the key factor in obtaining high strength and high impact

energy absorbance. The composites also exhibited good adhesive strength during

both shear and peel stress tests.
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1 | INTRODUCTION

Epoxy resins are widely used as structural composites and adhesives in

the automotive, aviation, and electronic industries. As the range of

potential applications for these materials expands, new properties

are required, including damping and impact absorbance, while main-

taining high adhesive strength.

Polymers typically exhibit damping properties in the vicinity of

their glass transition temperatures, at which point the motion of

molecular chains as well as interchain friction can convert mechanical

energy into thermal energy that is dissipated as heat.1 Homopolymers

generally have a narrow glass transition temperature region, and so

their damping performance is similarly limited to within a narrow tem-

perature range. One means of expanding this range is to employ poly-

mer blends or composites.2 Interpenetrating polymer networks (IPNs)

have been most widely studied for this purpose,3-6 and have exhibited

good damping performance over expanded temperature ranges. IPNs

are defined as intimate mixtures of two or more cross‐linked polymers,
wileyonlinelibrary.com/jou
in which a network structure is formed in the absence of covalent

bonds.3,6 The compatibility between the multiple components of such

blends is vital to controlling the glass transition temperature range and

thus to improving the damping performance.

Our group has previously studied polymer blends consisting of a

liquid reactive rubber (carboxyl‐terminated butadiene acrylonitrile

rubber (CTBN)), an epoxy resin (diglycidyl ether of bisphenol‐A

(DGEBA)), and an aromatic diamine (diamino diphenyl methane

(DDM)).7-9 Although CTBN is known to act as a toughening modifier

in epoxy resins,10-15 in our prior work, it was used as the major

component (at 60 wt%) of the polymer blends.7-9 All the components

(liquid rubber, epoxy oligomer, and diamine) were found to react with

one another to generate a covalent bonded network, and so the

product was not technically an IPN. In a previous study, CTBN/

DGEBA/DDM networked polymer blends showed good adhesive

and damping properties over a wide range of temperatures.7,8 These

desirable characteristics were achieved by selecting components that

were compatible with one another.
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In the present work, carbon black (CB) particles were added to the

CTBN/DGEBA/DDM networked polymer blends as reinforcing filler,

and the strength, modulus, and impact absorbance of the resulting

materials were evaluated. The objective of this study was to clarify

the dominant factors affecting the mechanical properties of the

blends, based on interactions among the various components, as well

as to assess the effect of processing temperature.
2 | EXPERIMENTAL

2.1 | Materials

A CTBN rubber having a number average molecular weight of approx-

imately 3500 (Hycar CTBN 1300X13, Ube Industries, Ltd.) was used

as the major component in all polymer blends. The acrylonitrile (AN)

content in this material was 26 mol%. DGEBA (jER828, Mitsubishi

Chemical) having an epoxy equivalent mass of 189 g/eq was used as

the epoxy resin. DDM (Tokyo Chemical Industry Co., Ltd.) was used

as the curing agent. The molecular structures of these raw materials

are shown in Figure 1. Triphenyl phosphine (TPP, Tokyo Chemical

Industry Co., Ltd.) was used as a catalyst for the reaction between the

carboxyl groups in the CTBN and the epoxy. The CTBN/DGEBA/

DDM ratio was 182/100/21 on a mass basis, such that the CTBN

accounted for 60 wt% of each mixture. In the previous studies, we

evaluated impact energy absorbance of more than 10 cured epoxy resin

compositions having the concentration of the CTBN differed from 30

to 70 wt%. From the experimental investigation, we selected the resin

composition: CTBN/DGEBA/DDM = 182/100/21, which indicated

the highest energy absorbance among the tested compositions.

CB particles having an average diameter of 18 nm and a BET spe-

cific surface area (based on nitrogen adsorption) of 251 m2/g (#850,

Mitsubishi Chemical) were used as the reinforcing filler. The surface

of this material was covered with hydroxyl functional groups that

interacted with the CTBN, as discussed in Section 3.

2.2 | Preparation of CB‐reinforced CTBN/DGEBA/
DDM composites

CTBN, DGEBA, and TPP were mixed in a glass flask at an initial temper-

ature of 25°C, after which the mixture was heated to 160°C with
FIGURE 1 Chemical structure of resin components
stirring. This temperature was maintained with further stirring for

2 hours to allow for prereaction between the carboxyl groups of the

CTBN and the epoxy groups of the DGEBA. After the prereaction pro-

cess, the weight average molecular mass of the CTBN region was eval-

uated, using size exclusion chromatography. That was ca. 20 000 after

the prereaction with DGEBA, which clearly increased from ca. 15 000

of the original CTBN (which was calibrated using monodispersed poly-

styrene standards). Then, the mixture was cooled to room temperature,

and the CB particles were added. The resulting mixture was kneaded

using aHAAKEPolyDrive (Thermo ElectronCorporation) for 20minutes

at 25°C, then heated to 100°C, 150°C, or 200°C, after which further

mechanical kneading was applied for 30 minutes at the same tempera-

ture. The material was cooled to ambient temperature, following which

the DDMwas added and the mixture was heated to 100°C to lower the

viscosity and allow improved dispersion of the DDM. Finally, the mate-

rial was heated to 100°C under vacuum for degassing, and subsequently

poured into preheated molds and cured at 130°C for 4 hours.

2.3 | Evaluation of tensile properties

The tensile properties of the cured resins were evaluated at 25°C

using a JIS K 7113 apparatus at a crosshead speed of 5 mm/minute,

employing so‐called dog bone specimens with dimensions of 30 mm

(length), 5 mm (width), and 2 mm (thickness).

2.4 | Evaluation of impact energy absorbance

The impact energy absorbance for each cured specimen was evaluated

using a pendulum type impactor at 30°C, 50°C, and 70°C. In each trial,

a 200 g pendulum was dropped from a height of 250 mm before

impacting the sample, providing an impact energy of 0.5 J. The test

samples had dimensions of 45 mm (length), 45 mm (width), and

5 mm (thickness). After impact, the pendulum rebounded from the

sample to a specific height (h), and the impact energy absorbance, E

(%), was calculated using the equation:

E ¼ 100 1 − h=h0ð Þf g (1)

2.5 | Dynamic mechanical analyses

The effects of temperature on the viscoelastic properties (storage

modulus: E′, loss modulus: E″, and loss tangent: tan δ) of the cured

resins were evaluated by dynamic mechanical analysis (DMA) in

tensile mode (span: 20 mm) at a dynamic frequency of 1 Hz and an

amplitude of 10 μm, using a viscoelastometer (DMS6100, Seiko

Instruments, Inc.). Specimens with dimensions of 45 mm (length),

10 mm (width), and 2 mm (thickness) were machined from 2‐mm‐thick

cured resin slabs. These samples were tested over the temperature

range from −100°C to 180°C at a heating rate of 2°C/minute.

2.6 | Viscosity measurements

Viscosity assessments under shear stress were performed to obtain

time‐viscosity data for the uncured CTBN/DGEBA/CB mixtures at

several temperatures, as a means of modeling the behavior of the com-

posites during kneading. A strain‐controlled dynamic viscoelastometer

(Rheosol‐G5000NTD, UBM Co., Ltd.) incorporating parallel plates
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(40 mm in diameter with a gap of 300 μm) was employed during these

evaluations. A dynamic frequency of 1 Hz and a strain angle of 0.5°

were applied in conjunction with the same temperatures used in the

kneading process (ie, 100°C, 150°C, and 200°C).
2.7 | Quantification of bound rubber in uncured resins

In the case that the surfaces of the CB particles undergo chemical inter-

actions with the polymer molecules, the polymer chains will not be

dislodged by washing with solvents. To quantify the amount of insolu-

blematerial in each sample after kneadingwith CB at each temperature,

a portion of the uncured blend was added to 20 times its mass of ace-

tone, after which the solid component was separated using a glass fiber

filter. The acetone‐insoluble residue was weighed after being dried

under vacuum at 50°C. The so‐called bound rubber content was then

quantified as the difference between the insoluble residue in the blend

kneaded at the elevated temperature and the amount of residue

obtained at 25°C, relative to the initial mass of the blend.
2.8 | Surface analysis of CB using vacuum FT‐IR

Fourier transform infrared (FT‐IR) absorption spectra of the samples

were acquired using a spectrometer (660 plus, JASCO Corporation)

and a vacuum cell, employing the self‐supporting disk method at tem-

peratures from 25°C to 200°C and at a resolution of 4 cm−1. Each

sample was first degassed under vacuum for 2 hours at the tempera-

ture at which spectra were to be acquired.
2.9 | Evaluation of adhesive strength

2.9.1 | Shear adhesive strength

Test specimens were prepared using aluminum substrates that had

been wiped with acetone to prepare the surfaces for bonding. The

dimensions of these substrates were 150 mm (length) by 25 mm

(width) by 1.5 mm (thickness). The resin samples were applied to alu-

minum substrates that were then brought into contact, followed by

curing at 130°C for 4 hours. In each case, the lap joint length was

12.5 mm. The tensile shear adhesive strength of each specimen was

evaluated in accordance with the JIS K 6850 standard procedure,

using a crosshead speed of 10 mm/minute at 23°C.

2.9.2 | Peel adhesive strength

T‐peel test specimens were also prepared using thin aluminum sub-

strates with dimensions of 200 mm (length), 25 mm (width), and

0.5 mm. (thickness). The adhesive strength of each sample was

evaluated in accordance with the JIS K 6854‐3 standard procedure

at a crosshead speed of 100 mm/minute at 23°C.
FIGURE 2 Tensile stress‐strain curves of a matrix polymer and the
20 wt% CB‐reinforced composites: (A) black line: matrix polymer
(base resin without CB), (B) orange line: CB‐reinforced composites
kneaded at 100°C, (C) green line: CB‐reinforced composites kneaded
at 150°C, and (D) blue line: CB‐reinforced composites kneaded at
200°C [Colour figure can be viewed at wileyonlinelibrary.com]
3 | RESULTS AND DISCUSSION

3.1 | Tensile properties of matrix polymer and the
CB‐reinforced composites

The tensile properties of the matrix polymer (CTBN/ DGEBA/DDM)

and of the CB‐reinforced composites were evaluated at 25°C. As
shown in Figure 2, all composites reinforced with the 20 wt% CB

exhibited a higher elastic modulus than that for the matrix polymer.

In addition, the modulus values for each of the three 20 wt% CB‐rein-

forced composites produced at kneading temperatures of 100°C,

150°C, and 200°C were almost equal. The CB‐reinforced composite

kneaded at 200°C was found to have the highest tensile strength

among the test specimens. Therefore, kneading the CB and the matrix

polymer at 200°C evidently improved the mechanical properties of the

material.
3.2 | Impact energy absorbance

The impact energy absorbance for the matrix polymer and the CB‐

reinforced composites was examined. Figure 3 demonstrates that

the energy absorbance for each composite varied with the kneading

temperature, such that the absorbance for the composites kneaded

at 100°C or 150°C was lower than that for the matrix polymer without

CB. In contrast, the energy absorbance for the composite kneaded at

200°C was higher than that for the matrix polymer over a wide range

of temperatures. The effect of the CB content on the impact energy

absorbance was also examined, and these data in Figure 4 confirm that

the capacity increased with increasing CB concentration. Thus, the

CB‐reinforced composite kneaded at 200°C possessed high impact

energy absorbance, increased strength, and a high modulus of

elasticity. The mechanism responsible for these properties is discussed

in the next section.
3.3 | Viscoelastic properties and their relation to
impact energy absorbance

To allow an analysis of the mechanism associated with the impact

energy absorbance of the CB‐reinforced composites, the effects of

http://wileyonlinelibrary.com


FIGURE 3 Impact energy absorbance of a matrix polymer and the
20 wt% CB‐reinforced composites: (A) black line: matrix polymer
(base resin without CB), (B) orange line: CB‐reinforced composites
kneaded at 100°C, (C) green line: CB‐reinforced composites kneaded
at 150°C, and (D) blue line: CB‐reinforced composites kneaded at
200°C [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Impact energy absorbance of a matrix polymer and the
CB‐reinforced composites kneaded at 200°C: (A) black line: matrix
polymer (base resin without CB), (B) purple line: 5 wt% CB‐reinforced
composites, (C) light blue line: 10 wt% CB‐reinforced composites, and
(D) blue line: 20 wt% CB‐reinforced composites [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 5 Dynamic mechanical properties of a matrix polymer and
the 20 wt% CB‐reinforced composites: (a) black line: matrix polymer
(base resin without CB), (B) orange line: CB‐reinforced composites
kneaded at 100°C, (C) green line: CB‐reinforced composites kneaded
at 150°C, and (D) blue line: CB‐reinforced composites kneaded at
200°C [Colour figure can be viewed at wileyonlinelibrary.com]
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temperature on the viscoelastic properties (storage modulus: E′ and

loss tangent: tan δ) of the composites and of the matrix polymer were

evaluated. Figure 5 presents the results for three composites kneaded

at 100°C, 150°C, and 200°C, as well as for the matrix polymer as a ref-

erence. The matrix polymer showed a wide glass transition region,

ranging from below −30°C to over 100°C. These results demonstrate

the heterogeneity of the matrix polymer, as was also observed in our

previous work using dynamic mechanical analyses and scanning probe
microscopy.8,9 In the tan δ curve for the matrix polymer, two peaks are

present at approximately 0°C and 40°C, corresponding to CTBN‐rich

and epoxy‐rich portions in the blend, respectively.

Three of the 20 wt% CB‐reinforced composites had higher E′

values than the matrix polymer, especially in the rubbery region after

the glass transition, as shown in Figure 5. Moreover, there were sig-

nificant differences between the shapes of the tan δ curves generated

by these three composites and that produced by the matrix polymer.

Compared to the tan δ curve for the matrix polymer itself, the peaks

in the tan δ curves produced by the composites around 0°C were

similar, but the peaks in the vicinity of 40°C were reduced in the

materials made with CB and kneaded at 100°C or 150°C. In the case

of the sample incorporating CB and kneaded at 200°C, the peak at

0°C was reduced markedly while the peak at 40°C remained.

Figure 6 summarizes the effects of the CB content on the viscoelastic

properties of the composites kneaded at 200°C. The peak in the tan δ

curve at 0°C evidently decreased with increasing CB content in the

composites. These data suggest that the CB particles underwent

strong interactions with the CTBN‐rich component during kneading

at 200°C.

Considering the impact energy absorbance data in Figures 3 and

4, both a high tan δ value and, to a lesser extent, a high modulus of

elasticity are important for achieving superior impact energy absor-

bance in these materials. The CB‐reinforced composites kneaded at

200°C absorbed more impact energy and also exhibited a higher

modulus of elasticity than the original matrix polymer, although both

had the same tan δ values around 40°C. These results suggest that

the higher modulus for the CB‐reinforced composites kneaded at

200°C promoted the conversion of external mechanical energy into

thermal energy. Therefore, the increased CB content contributed to

greater impact energy absorbance, within the range examined in the

experimental work.

http://wileyonlinelibrary.com
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FIGURE 6 Dynamic mechanical properties of a matrix polymer and
the CB‐reinforced composites kneaded at 200°C: (A) black line:
matrix polymer (base resin without CB), (B) purple line: 5 wt% CB‐
reinforced composites, (C) light blue line: 10 wt% CB‐reinforced
composites, and (D) blue line: 20 wt% CB‐reinforced composites
[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Viscosity data of mixtures over time at 200°C: (A) red
line: CTBN/CB, (B) green line: DGEBA/CB, and (C) blue line: CTBN/
DGEBA/CB [Colour figure can be viewed at wileyonlinelibrary.com]
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3.4 | Bound rubber formation during the kneading
process

The kneading temperature evidently had a significant effect on the

properties of the CB‐reinforced composites, irrespective of the com-

position. In order to determine the reason for this effect, the rheology

of each mixture was assessed by acquiring viscosity data over time at

the various kneading temperatures, as shown in Figure 7. Only in the

case of the data obtained at 200°C was the viscosity of the CTBN/

DGEBA/CB ternary mixture found to clearly increase after a latent

period. In contrast, measurements at 100°C and 150°C showed no

changes in viscosity over time. Figure 8 presents a time‐viscosity plot

acquired from a CTBN/ CB binary mixture at 200°C, which
FIGURE 7 Viscosity data of the CTBN/DGEBA/CB ternary mixture
over time at the various kneading temperatures: (A) orange line: kept
at 100°C, (B) green line: kept at 150°C, and (c) blue line: kept at 200°C
[Colour figure can be viewed at wileyonlinelibrary.com]
demonstrates a rapid increase in viscosity. Meanwhile, a DGEBA/CB

binary mixture did not show any increase in viscosity over time. So,

these results suggest that strong interactions occurred primarily

between the CTBN and CB during kneading at 200°C.

The amount of bound rubber (that is, the material that cannot be

removed from the CB surface using acetone) was determined for each

sample to quantify the interactions between the CB and polymer com-

ponents in the CTBN/DGEBA/CB ternary mixtures. As shown in

Figure 9, the amount of bound rubber (insoluble residue) on the CB

surfaces increased with increasing kneading temperature. The CB

composites kneaded at 200°C had the greatest amounts of insoluble

residue, confirming strong interactions between the CB and the poly-

mer components (primarily the CTBN). The data presented earlier also

demonstrate that the CTBN reacted with the DGEBA and DDM in the

composites.

The surfaces of carbon fillers such as CB particles are typically

modified to introduce specific functional groups. As examples,
FIGURE 9 Kneading temperature dependence of amount of bound
rubber (insoluble residue) on the CB surfaces in the CTBN/DGEBA/
CB ternary mixture

http://wileyonlinelibrary.com
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quinone,16-19 carboxyl,16,18-21 phenolic hydroxyl,16-21 lactone,20 and

carbonyl18-21 groups have been reported. Therefore, we attempted

to elucidate the specific functional groups on the CB used in this

study. Figure 10 provides vacuum FT‐IR spectra of the CB particles,

acquired at 25°C, 100°C, and 200°C. The purpose of using this vac-

uum technique was to eliminate water molecules from the surface of

the CB. The three spectra are almost identical, and the peak at

3630 cm−1 shows that hydroxyl groups were present on the surface

of the CB even at 200°C. These data suggest that numerous phenolic
FIGURE 10 Vacuum FT‐IR spectra of the CB particles, acquired at
25°C, 100°C, and 200°C [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 11 Shear adhesive strength and T‐peel adhesive strength of
a matrix polymer (black square) and the CB‐reinforced composites
(blue square). Black circle shows DGEBA/DDM, as a reference
material [Colour figure can be viewed at wileyonlinelibrary.com]
hydroxyl groups were on the surfaces of the CB particles, and the

reactions of these groups with the carboxyl groups in the CTBN could

be the source of the bound rubber effect.

3.5 | Adhesive properties

The adhesive properties of the materials were evaluated, and

Figure 11 summarizes the shear and T‐peel adhesive strengths. The

conventional epoxy resin (DGEBA/DDM) showed good shear

adhesive strength, but its T‐peel strength was very low. All of the

specimens exhibited interfacial failure as the fracture mode. The

matrix polymer blend (CTBN/DGEBA/DDM) was found to have high

shear and T‐peel adhesive strengths. In each CTBN/epoxy sample,

the fracture mode was cohesive failure in the adhesive layer. The

20 wt% CB‐reinforced composites maintained the same level of adhe-

sive strength as the matrix polymer under both shear stress and peel

stress. Thus, these CB‐reinforced resins could potentially be utilized

as multifunctional adhesives with superior impact energy absorbance.
4 | CONCLUSIONS

The primary factors affecting the mechanical properties of CB‐

reinforced CTBN/DGEBA/DDM composites were studied. The tensile

properties and the impact energy absorbance were found to depend

on the kneading temperature. The CB‐reinforced composites kneaded

at 200°C showed high impact energy absorbance, good strength, and

superior elasticity modulus values. The 200°C kneading of CB particles

along with the matrix polymer evidently resulted in strong interactions

at the interface between the CB and the matrix polymer, especially the

CTBN component. The formation of bound rubber (chemically bound

matrix polymer at the interface with the CB) was the key factor asso-

ciated with obtaining both high strength and improved impact energy

absorbance. The CB‐reinforced CTBN/DGEBA/DDM composites also

exhibited superior adhesive strength under both shear stress and peel

stress and could therefore be employed as multifunctional adhesives

with good impact energy absorbance.
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