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ABSTRACT: This article investigates the effects of nano carboxylic acrylonitrile butadiene rubber (CNBR-NP) and nano acrylonitrile

butadiene rubber (NBR-NP) on the rheological properties and cure characteristics of epoxy. Dynamic mechanical behavior of carbon

fiber reinforced polymer composites (CFRP) with the nanorubber-modified matrices was also studied. Rheological study showed that

NBR-NP blends attained lower viscosity in comparison to CNBR-NP blends and both systems exhibited shear-thinning behavior.

Scanning electron microscopy (SEM) images revealed that CNBR-NP could be dispersed evenly within the epoxy matrix using indus-

trial mixing process whereas partial agglomeration was observed in NBR-NP blends. The dynamic mechanical analysis (DMA) data

showed that the addition of nanorubber has negligible effect on the glass transition temperature of the epoxy. The difference in the

dispersion ability of these two nanorubbers in epoxy is related to the difference in van der Waals forces between single nanoparticles,

the chemical formula and the polarity of the systems. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41911.
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INTRODUCTION

Epoxy resins are widely used in advanced carbon fiber rein-

forced polymer composites due to their outstanding mechanical

performance, process-ability, and their chemical and wear resist-

ance. However, these materials are relatively brittle which is det-

rimental to the engineering performance of the final structure.

Due to the brittle nature of highly cross-linked epoxy resins, sci-

entists have been toughening the formulations with nano- and

micron-sized elastomeric particulates for more than 20 years.

The addition of nanorubber to improve the fracture toughness

of the epoxy matrix has been demonstrated by previous

researchers.1–5

Nanorubber-modified epoxy blends play an important role in

rubber industry. The morphology of the blends and its effect on

the performances is significant for scientists. Therefore the

microstructure for an optimum engineering performance and

the ways to construct this microstructure are required. The

morphology of the nanorubber/continuous polymer phase

blends depends on the nanorubber concentration, compatibility

between the blended phases and the processing parameters.6

Most common method to obtain nanorubber blends is mechan-

ical mixing where the dispersion phase is mixed with the con-

tinuous phase in mixing equipment. The mixing process is

tricky due to the high viscosity of the nanorubber-modified

blends. Achieving an even dispersion of nanorubber with low

cost of energy and time is very important to both industry and

academia and needs to be studied further.

As a matrix material, diglycidyl ether of bisphenol-A (DGEBA)

epoxy cured with dicyandiamide (DICY) curing agent has been

widely used in industry, especially in the preparation of prepregs

and when toughened with different particles as curable structural

adhesives between metallic plates.7–11 Due to the complex struc-

ture and cross-linking mechanism of DICY curing agent, to our

knowledge there is no work on nano acrylonitrile based rubber

modification of DICY/epoxy systems in the literature.

The main challenge in incorporating soft nanoparticles into

epoxy matrices is to increase the fracture toughness of the epoxy

resin without sacrificing its basic properties such as glass transi-

tion temperature (Tg) and without increasing the viscosity con-

siderably which will complicate the processing of composites.

The variation in Tg can be interpreted in terms of the difference

in cross-link densities of the matrix12 and it gives an indication

of the fundamental changes in polymer chain dynamics which

is critical for many engineering applications.13,14

When toughening a resin system, the processing steps need to

be optimized in order to achieve an even dispersion and to

get the best efficiency for toughening. At this point, scientists
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need to select the most suitable processing technique by study-

ing the rheological characteristics of fluids with nanoparticle

modification. This will determine the degree of dispersion of

nanoparticles inside the epoxy matrix. The rheological analysis

is also important to find out the relation between cross-linking

and viscosity of the nanomodified system. So far, only few stud-

ies15 have been reported on the rheological behavior of nano-

fluids. Key requirements for nanofluids are favourable

rheological properties, flow behavior, and stability over a wide

range of temperature to meet the industrial needs. This area

needs to be studied further and this forms the primary motiva-

tion of this work.

In addition to the rheological properties, cure kinetics of the

system needs to be studied in order to understand the effect of

nanoparticles on the cross-linking phenomena and to choose

the right cure cycle for the nanomodified resin.

In this research, epoxy matrices were modified with nano acry-

lonitrile butadiene rubber (NBR-NP) and nano carboxylic acry-

lonitrile butadiene rubber (CNBR-NP) by using a laboratory

scale triple mill. Solid acrylonitrile butadiene rubber (NBR),

with high acrylonitrile content is a suitable toughener. This is

due to the high content of acrylonitrile imparting better com-

patibility between NBR and the epoxy resin.16–18 Carboxylic

acrylonitrile butadiene rubber (CNBR) is a modified NBR with

carboxylic groups along the hydrocarbon backbone and imparts

even better compatibility compared to NBR due to the presence

of active polar groups on the particle surface.19 CNBR is polar,

reactive polymer that exhibits good compatibility with polar or

nonpolar resins. Both ultrafine full vulcanized powdered rubbers

have been prepared by cross-linking rubber latex using

irradiation-curing method. To the best of our knowledge, very

few studies have been reported on the toughening of epoxy

matrix with acrylonitrile-based nanorubber materials1 and no

study on the rheological behavior and cure kinetics of this sys-

tem was reported before. This forms the second motivation of

this research.

This study constitutes a step behind mechanical characterization

of these two novel nanomodified matrix materials helping to

understand the effect of nanorubber on the rheological proper-

ties, the cure characteristics and the dynamic mechanical behav-

ior of epoxy resin by considering the dispersion ability of them.

EXPERIMENTAL

Materials

The epoxy resin used was liquid DGEBA (Araldite LY1556) with

epoxide equivalent weight of 188 and was supplied by Hunts-

man. DICY (Dyhard D50EP) was used as the curing agent and

a difunctional urone (Dyhard UR500) was used as the accelera-

tor, both supplied by AlzChem. Nano acrylonitrile butadiene

rubber (NBR-NP) Narpow VP-401 (single particle size distribu-

tion, 100–150 nm; acrylonitrile content, 26 wt %), and nano

carboxylic acrylonitrile butadiene rubber (CNBR-NP) Narpow

VP-501 (single particle size distribution 50–100 nm; acryloni-

trile content of 26 wt %) were received in powder form from

SINOPEC, Beijing Research Institute of Chemical Industry

(BRICI). Fumed silica (FS) received from Aerosil (D50 5 1 mm)

was used in some of the formulations to modify the rheological

behavior of the nanofluids for CFRP laminates processing. Car-

bon fibers were 2 3 2 Twill and 199GSM plies purchased from

Sigmatex (UK) ltd. The matrix formulations used in this

research work are given in Table I.

Sample Preparation, Nanorubber Toughened Resin

Formulations

To improve the dispersion of nanoparticles in the matrix, differ-

ent mixing techniques were investigated. The processing facility

and the schematic of the processing techniques are shown in

Figure 1.

CNBR-NP and NBR-NP modified resin matrices were prepared

by the following procedures. In order to eliminate the absorbed

moisture, the nanorubber was dried at �70�C for 16 h in an

oven. After drying, the nanorubber was dispersed in DGEBA

epoxy and the final blend was speed mixed at 3500 rpm for 1

min using DAC 150.1 FVZ speed mixer. 0.25 to 1 phr (depend-

ing on the final viscosity of the blend) of Aerosil fumed silica

was added to epoxy matrix in selected samples, which consider-

ably increases the viscosity of the blends helping to prevent the

leakage of resin matrix during curing of the CFRP laminates in

autoclave under high pressures.

The final blend was triple milled for six times at room tempera-

ture (RT, 23�C). After first three times of triple milling, the

blend was speed mixed at 2000 rpm for 6 min and visually

inspected for translucency. This is a practical technique to

Table I. Formulations Used in Experimental Work, in phr (Per Hundred Resin)

Code DGEBA Curing agent Accelerator NBR-NP CNBR-NP Fumed silica

R 100 14 6 – – –

R/X FS 100 14 6 – – X

X CNBR-NP/R 100 14 6 – X –

X NBR-NP/R 100 14 6 X – –

E 100 – – – – –

EH 100 14 – – – –

X CNBR-NP/E 100 – – – X –

X NBR-NP/E 100 – – X – –

X NBR-NP/EH 100 14 – X – –
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determine the degree of dispersion of the nanoparticles within

the resin. When the nanoparticles are evenly dispersed in nano

size the mixture does not reflect light and the blend attains

translucency. If the blend was not translucent enough, it was tri-

ple milled for another three to four times at RT.

After the milling, the blend was magnetically stirred at a speed of

320 rpm and degassed at 70�C inside a glass flask for 16 h under

vacuum. After degassing, the curing agent and accelerator were

added and the final mixture was speed mixed at 2100 rpm for 6

min.

Sample Preparation, CFRP Laminates

Hand lay-up technique was used to produce the CFRP lami-

nates. Eight unidirectional carbon plies with the nanorubber-

toughened matrix were vacuum bagged and cured in an auto-

clave under a pressure of 6 bar. For morphological examination

of the delamination surfaces, a piece of PTFE (polytetrafluoro-

ethylene) release film was placed at the midplane of the lami-

nate during hand lay-up in order to initiate crack propagation.

The samples were heated to 120�C at a heating rate of 0.5�C/

min and held for 1 h at this temperature before cooling down

to RT at a cooling rate of 0.5�C/min. This cure condition was

chosen from differential scanning calorimeter (DSC) studies

performed in the dynamic mode, which revealed that almost all

cure processes took place before 150�C. CFRP samples for

dynamic mechanical analysis were cut from the cured laminates

using a water jet cutting machine. Samples were carefully pol-

ished to remove surface defects.

CHARACTERIZATION

Morphological Study

Scanning electron microscopy (SEM) at secondary electron

mode was used to verify the distribution of the nanorubber

within the resin matrix. For this, the CFRP laminates were

peeled along the PTFE film perpendicular to the delamination

surfaces and the fracture surfaces were examined. The samples

were vacuum coated with gold using a sputter coater. Images

were taken using an accelerating voltage of 20–25 keV with a

magnification between 90 and 2000 times.

Rheological Characterization, Steady Shear at Constant Rate

The processability of polymer matrix materials is directly related

to their rheological property, which should be carefully con-

trolled during processing. In the case of nanorubber toughened

resin system, this property is sensitive to the composition and

highly dependent on the dispersion state of the nanorubber.

Considering these facts, the rheological behavior of the neat

epoxy (E) and the nanorubber toughened epoxy (E, CNBR-NP/

E, and NBR-NP/E blends) at nanorubber loadings of 5/10/15/20

phr were analyzed at a strain of 0.1 and in the shear rate range

of 1 to 10 s21 using Bohlin Instruments C-VOR 200 rheometer.

Three measurements were taken for each formulation.

Rheological Characterization, Oscillatory Mode

Dynamic rheological behavior of the nanorubber toughened resin

blends (CNBR-NP/R and NBR-NP/R blends) was studied at 0.1

strain in the temperature range of RT to 200�C and at a heating

rate of 2�C/min using Bohlin Instruments C-VOR 200 rheometer.

In order to understand the difference in the cross-linking behav-

ior with accelerator addition, NBR-NP with epoxy and DICY cur-

ing agent (X NBR-NP/EH) and the same formulation with

accelerator (X NBR-NP/R) was studied.

Cure Analysis Using Differential Scanning Calorimetry (DSC)

Cross-linking activation energy (Ea) of the nanorubber-

modified blends was studied using Flynn Wall Ozawa and Kis-

singer technique. These two methods were used in this study

because they do not require knowledge of the reaction mecha-

nism to quantify the kinetic parameters. For this; 5, 10, 15, and

20 phr NBR-NP and CNBR-NP toughened resin blends were

prepared and heated at 5, 10, 15, and 20�C/min from RT to

300�C. The peak temperatures were recorded using differential

scanning calorimeter Mettler Toledo DSC822.

Flynn-Wall-Ozawa Technique. The kinetics of cure reaction of

epoxy resin was studied with Flynn Wall Ozawa technique,

which is one of the non-isothermal DSC techniques.20–22 All

kinetic models start with the following equation:

da=dt5kfðaÞ (1)

where da=dt is the instant cure rate, a is the conversion ratio at

time t, k is the rate constant (which depends on the

Figure 1. (a) Triple milling of nanorubber blends. (b) Schematic of the

preparation of nanorubber toughened epoxy resin. (c) Vacuum bagged

hand lay-up carbon plies ready to be autoclaved. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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temperature T), fðaÞ is a functional term of a that depends on

the reaction mechanism. The Arrhenius equation is as follows:

k5A exp ð2Ea=RTÞ (2)

Based on Doyle’s approximation,23 Ozawa method is expressed

as:

ln ðbÞ5Const:21:052Ea=RTp (3)

where b is the heating rate, Tp is the temperature at which da=

dt is maximum, Ea is the activation energy, R is the universal

gas constant. A plot of ln ðbÞ versus 1=Tp gives a straight line

with a slope of 1:052Ea=R.

Kissinger Technique. According to the Kissinger method, the

activation energy can be obtained from the maximum reaction

rate where ½dðda=dtÞ�=dt is zero at a constant heating rate. The

resulting relation can be expressed as:

d½ln ðb=T 2
p Þ�=dð1=TpÞ52Ea=R (4)

Therefore a plot of ln ðb=T 2
p Þ versus the reciprocal of Tp gives

the activation energy Ea without the need to make any assump-

tion about the conversion dependent function. Both Kissinger

and Flynn Wall Ozawa methods assume that the DSC exother-

mic peak is isoconversional and that its value is independent of

the heating rate.

Dynamic Mechanical Analysis (DMA)

The glass transition temperature of the nanoparticle toughened

CFRP laminates was determined by dynamic mechanical ther-

mal analysis testing by using a DMA Q800 dynamic mechanical

analyzer. Laminates with dimensions of 50 3 10 3 2 mm were

tested under three point bending mode at a fixed frequency of

1 Hz. The storage modulus, loss modulus and tan d were meas-

ured as a function of temperature for the temperature range 20

to 200�C at a heating rate of 2�C/min. The glass transition tem-

perature was determined as the maximum stationary point of

the tan d versus temperature curve. The data is based on an

average of three experiments.

RESULTS AND DISCUSSION

Morphology

The fracture surfaces of the CFRP laminates with neat resin

matrix and nanomodified matrices were examined using SEM.

The morphological differences in the two-nanorubber systems

arise from the dissimilarity in cross-linking density and the size

of the rubber domains.

Figure 2 represents the fracture surface of the nanorubber-

modified matrices. In Figures 2(a) and 3(a) the glassy fracture

surface of the neat resin sample represent a typical brittle frac-

ture. This is an indication that no visible plastic deformation

occurred during fracture. Figure 2(b,c) shows that both CNBR-

NP and NBR-NP were dispersed evenly in the highest rubber

concentration samples. CNBR-NP has diameters less than

100 nm [Figure 2(b)]. However, NBR-NP showed slight

agglomeration and the particle size is larger than that of CNBR-

NP, in the range of 100 to 500 nm [Figure 2(c)]. De-bonding of

nanorubber was observed in wide aspects in both nanorubber

formulations. Due to this reason, voids within the resin struc-

ture were easily noticeable in all of the nanotoughened

formulations.

Figure 3 represents the images of the matrices between the

carbon fibers. In this figure, the black dispersed phases are the

holes from where the nanorubbers have de-bonded and the light

gray continuous phase is the resin matrix. In Figure 3(b–d), the

spherical holes can be observed within the fracture surface of

the CNBR-NP modified matrices. The holes have a diameter of

50 to 100 nm and they are dispersed evenly within the structure

independent of the nanorubber concentration. The hole and

particle diameter in CNBR-NP formulations is in the same

range which indicates that cavitation and plastic void-growth

Figure 2. SEM images of (a) R sample, (b) 20CNBR-NP/R sample, (c) 20NBR-NP/R sample. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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did not happen. The holes are protuberant shape, which indi-

cates that the particles and the matrix have a good adhesion.

It is seen that by increasing the nanorubber loading, the num-

ber of holes per unit area and the hole diameter increase.

However, it is seen in Figure 3(d) that the hole and particle

sizes are still in nanorange in the highest nanorubber concen-

tration sample.

It can be seen from Figure 3(e–g) that the fracture surfaces of

the NBR-NP toughened CFRP laminates are relatively rough

and the holes from where the NBR-NP have de-bonded have a

larger diameter and the diameter increases with an increase in

nanorubber loading. When the blend ratio of NBR-NP/resin is

5/100 as in Figure 3(e), NBR-NP is finely and uniformly dis-

persed in resin as spherical holes with the size close to its

original particle size, 100 to 150 nm. However, as the blend

ratio of NBR-NP to resin increases, NBR-NP start to agglom-

erate. Correspondingly, the size of the holes become larger and

the shapes of dispersion evolve from sphere into strip. As a

consequence, “network-like” structure is observed in Figure

3(g). The surfaces of the holes from where the particles were

pulled out are comparably smooth which also suggests a rela-

tively poor interface between the epoxy matrix and the par-

ticles. Some of the holes have a deformed-elliptical shape as in

Figure 2(e–g), which may be the result of high shear during

processing when NBR-NP was broken by shear stresses into

irregular particles.24 This means that NBR-NP cannot exhibit

sufficient hardness and rigidity to resist being melted, com-

pressed and flattened under the pressures and temperatures

applied during the processing and curing of the samples. As a

result, plasticization was inevitable within its formulations.

The lower modulus and good deformability of NBR-NP

impair dispersion because the higher shear force around NBR-

NP agglomerates could not be generated according to tradi-

tional stress transfer theory.25

In powder form both nanorubbers are in clustered form. How-

ever when dispersed in the resin, using different dispersion

techniques such as triple mill and high speed mixing, the rubber

agglomerates can be broken down into even smaller diameters.

Compared with CNBR-NP, the dispersion of NBR-NP in resin

is poor, and partial agglomeration takes place at higher nano-

rubber concentrations.

The difference in efficiency of dispersion is due to the difference

in the polarity, surface tension energy and the chemical formu-

lations of the nanorubber systems. In a way the carboxylic

group of CNBR-NP enables better dispersion within DGEBA

matrix by providing additional network of ionic bonds.26 The

filler-filler interaction and the filler-rubber interaction predomi-

nate the dispersion besides the processing parameters.

Rheological Characterization, Steady Shear at Constant Rate

Rheological measurements of the nanofluids were carried out to

characterize the nanofluid. Figure 4(a,b) shows the viscosity

Figure 3. SEM images of (a) R sample (b) 5CNBR-NP/R sample, (c) 15CNBR-NP/R sample, (d) 20CNBR-NP/R sample, (e) 5NBR-NP/R sample, (f)

15NBR-NP/R sample, (g) 20NBR-NP/R sample. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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versus shear rate of NBR-NP/E blends (NBR-NP modified

DGEBA epoxy blends) at 23�C and 50�C. It is clear that the vis-

cosity of the nanofluids is greater than that of the neat epoxy.

The nanofluid viscosity increase with increasing nanorubber

loading and decrease with an increase in temperature owing to

the fact that the kinetic energy stored within the system

increases and as a result the mobility of the polymer chains and

nanoparticles increase.27

The viscosity versus shear rate of the CNBR-NP and NBR-NP

toughened DGEBA epoxy blends (CNBR-NP/E and NBR-NP/E

formulations) and the neat epoxy at RT are given in Figure

5(a,b). In these figures it is clear that the viscosity of the system

increases consistently with nanorubber loading. The increase is

much greater in CNBR-NP modified epoxy blends than in

NBR-NP modified epoxy blends. This is due to the uniform dis-

persion of nanoparticles within CNBR-NP blends, which

increases interfacial adhesion area between the resin and nano-

rubber particles whereas partial agglomeration was observed in

SEM images of NBR-NP blends and resulted in lower interfacial

adhesion area.

The rheological behavior of the blends was modeled by power

law model with two fitting parameters: power law index (n)

and consistency index (K). A power law fluid is a type of gener-

alized Newtonian fluid for which the shear stress s is given by:

s5K _cn (5)

According to the power law model,

g5K _cn21 (6)

where g is the viscosity and _c is the shear rate. Power law index

n is an indication of the rheological behavior. If n is smaller

than 1, the fluid acts like a shear thinning fluid. In the shear

rate range of 1 to 10 s21 and under the conditions of this

work, the epoxy resin is a Newtonian fluid possessing an n

value of 1, which means that the relation between the shear

stress and the shear rate is linear yielding a constant coefficient

of viscosity.

In order to characterize the rheological properties of the nano-

fluids, the logarithm of the shear stress was plotted against the

logarithm of the shear rate. The slope and the intercept of the

fitted line yield the power law index (n) and the consistency

index (K) of the nanofluids respectively. The relevant equation

is as below:

log ðsÞ5n log ð _cÞ1K (7)

The plots of log (shear stress (Pa)) versus log (shear rate (1/s))

for both nanorubber systems are given in Figure 5(c,d)

together with the fitted lines. In Figure 5(e), for both

nanorubber-toughened epoxy systems after about 5 phr of

nanorubber toughening there is a tendency towards shear

thinning. In other words the nanofluid gains a stronger shear

thinning with an increase in nanoparticle concentration. The

decrease in power law index (n) is steeper for CNBR-NP

blends than that for NBR-NP blends indicating the stronger

influence of CNBR-NP on the viscosity of the resin. The parti-

cle content in suspensions clearly influences the rheological

behavior of these two nanorubber blend systems.

Quemada28 proposed that the structure breakdown is the reason

for shear thinning in non-Brownian suspensions. The higher

the nanorubber content in the system, the more aggregates in

the system due to a creation of excess surface area, the more

susceptibility to break and the more shear thinning. Respectively

fluidity of the system increases due to a decrease in the hydro-

dynamic forces between the particles.29 Due to dissolution of

0.008 wt % of NBR-NP within the epoxy matrix (see Dynamic

Mechanical Analysis) and the partial agglomeration, CNBR-NP

when dispersed in epoxy resin at the same loadings had higher

numbers of phase-separated particles with higher interfacial

adhesion area resulting in higher viscosity and greater shear

thinning.

The higher viscosity of CNBR-NP/E blends as matrix material

eased the processing of CFRP since the leakage of resin when

autoclaved under high processing pressures can be avoided.

However, for NBR-NP modified resin blends, in order to

achieve the same processing viscosity, fumed silica needs to be

used.

This initial rheological characterization study was used as a

guide for the processing of CFRP with nanorubber modified

resin as matrices.

Figure 4. Viscosity (Pa s) vs. shear rate (s21) for (a) NBR-NP/E blends at 23�C (b) NBR-NP/E blends at 50�C. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Rheological Characterization, Oscillatory Mode

Rheological measurements of the nanofluids were carried out

to characterize the cross-linking phenomena. The viscosity of

the nanofluids decreases constantly with an increase in temper-

ature and the internal energy stored within the system indicat-

ing the higher mobility of polymer chains and nanoparticles.

At some point when the temperature has reached a high value

the viscosity suddenly increases indicating the start of cross-

linking of the chains or in other words cure of the system.

These stages of rheological behavior are given in Figure 6. The

cross-linking temperature was taken as the point where the

continuous increase in viscosity was observed. The extracted

cross-linking temperatures using this method are given in

Table II.

Figure 5. Viscosity (Pa s) vs. shear rate (s21) for (a) NBR-NP/E at RT, (b) CNBR-NP/E at RT, (c) log (s (Pa)) vs. log (shear rate (s21)) for NBR-NP/E,

(d) CNBR-NP/E blends (s 5 shear stress), (e) Power law index (n) vs. nanorubber concentration (phr). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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In the viscosity versus temperature graphs of nanomodified

resin and nanomodified EH (epoxy-hardener) systems repre-

sented in Figure 6, similar rheological behavior is observed. In

Figure 7(a,c), the initiation of cross-linking is �110�C for neat

resin, whereas it is �130�C for different nanorubber loadings of

NBR-NP/R and CNBR-NP/R systems. Cure is delayed for about

20�C with 5 phr of nanorubber addition to the resin and the

cross-linking temperature is not affected considerably with a

further increase in nanorubber concentration. This delay in the

exothermic curing reaction is due to the deterioration of stoi-

chiometry within the system with nanorubber modification,

which prevents further catalysis of the reaction between DICY

curing agent and epoxy groups.

In Figure 7(b), in NBR-NP/EH system which does not contain

accelarator, cross-linking is accelerated for about 5�C, changing

from 185�C to 180�C when up to 20 phr of NBR-NP was added

Figure 6. Rheological behavior of neat resin, first stage decrease in viscos-

ity with increase of internal energy stored within the system, second stage

cross-linking of the polymer resulting in a constant increase in viscosity,

third stage cross-linked polymer with a stabilized viscosity. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Table II. Cross-Linking Temperature of Nanorubber Blends

Cross-linking temperature (�C)

NP phr NBR-NP/R CNBR-NP/R NBR-NP/EH

0 110 110 184

5 130 – 182

10 130 – 180

15 130 135 177

20 130 133 179

NP: nanoparticle, NBR-NP/R: NBR nanorubber/Resin blends, CNBR-NP/R:
CNBR nanorubber/Resin blends, NBR-NP/EH: NBR nanorubber/epoxy,
hardener blends without accelerator, phr: part per hundred rubber.

Figure 7. (a) Log(g) vs. temperature (�C) graph of NBR-NP/R blends, (b) log(g) vs. temperature (�C) graph of NBR-NP/EH blends, (c) log(g) vs. tem-

perature (�C) graph of CNBR-NP/R blends, (d) g (Pa s) vs. temperature (�C) graph of nanorubber/R/FS systems. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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into the system. It can be clearly seen that NBR-NP catalyze the

curing reaction in absence of accelerator in the system. There-

fore, the function of NBR-NP in the curing reaction is similar

to that of accelerators. The reason of this is attributed to two

phenomena. This catalysing effect can be due to the interaction

between the basic cyanide (nitrile) groups of NBR-NP and the

hydroxyl groups of DGEBA resin. Fan et al. [3] carried out a

detailed FT-IR study of a similar system and reported the same

phenomenon. The second reason is a physical phenomena in

which case the NBR-NP creates large amount of surface areas in

the system that hold the epoxy and the curing agent together as

a suspension and prevent sedimentation. Sedimentation is a

main problem within DICY curing agent systems due to possi-

ble density differences because DICY is an insoluble solid paste

at RT.30,31 In a way the nanorubber can hold the system

together and the huge surface area created within the matrix

may act as an active surface for cross-linking. However in com-

parison with the accelerator, the catalytic ability of NBR-NP in

the curing reaction was weaker.

In order to study the effect of fumed silica (FS) on the viscosity

behavior, blends with FS loadings of 0.26 and 1 phr were stud-

ied in Figure 7(d) shows that fumed silica has no considerable

effect on the cross-linking, but �0.75 phr of fumed silica

addition increased the viscosity of the 10NBR-NP/R blend by

50 Pa s at RT.

The viscosity changes reported in this section with both nano-

rubber and fumed silica additions are well within the process-

ability requirements of commercial composite manufacturing

techniques. This part of the study was used as a guide for an

optimum cure-cycle determination and to study the processing

requirements of the nanorubber modified resin systems.

Cure Analysis, Differential Scanning Calorimeter

The effect of both nanorubbers on the cure behavior of the

resin is studied in this section. Tp (peak exothermic tempera-

ture) variance with nanorubber addition for both systems is

given in Figure 8. In this figure, for the experiments conducted

at 10�C/min, for with 5 phr of NBR-NP and CNBR-NP addi-

tion to neat resin, the Tp of the system increases by 3 and 6�C
respectively.

Large specific surface area of the nanorubber particles likely

induce interfacial interactions with the polymer chains and

influence the thermal properties of the matrix32 hence affect the

curing reaction rate by changing the exothermic cross-linking

temperature. Good dispersion of the nanorubber within the

matrix leads to an interphase zone in which the mobility of the

matrix polymer chains is constrained. This increase in Tp may

also be attributed to the dilution phenomena within the system.

As dilution within the system increases with the addition of the

nanorubber, there will be a decrease in the density of the reac-

tion groups.33 The result is in agreement with the reported cases

in literature, including that of epoxy systems modified with

carboxyl-terminated butadiene acrylonitrile rubber (CTBN).34

The peak temperature stays stable after 5 phr of nanorubber

addition for both systems, which agrees with the oscillatory

shear measurements (rheological cross-linking temperatures

data). This is due to creation of excess of surface area with 5

phr nanorubber addition after which the stoichiometry is not

affected.

The slight difference in exothermal Tp behavior with different

types of nanorubber modification is due to the difference in dis-

persed particle size, the distribution efficiency and the amount of

surface area that nanorubbers create within the system. CNBR-

NP, as it can be dispersed more evenly (observed in the SEM

images), creates higher surface area, which affects the stoichiome-

try within the system in larger aspects. Within NBR-NP system

partial agglomeration was observed due to which less active sur-

face area was created and less deterioration in stoichiometry was

observed. As a result, the delay in exothermal cross-linking was

less. This phenomenon is reflected on the cross-linking activation

energy (Ea) of the nanofluids as well.

In Table III, Ea values calculated using Kissinger method are

slightly lower than the values calculated using Ozawa method.

Figure 8. Tp (�C) vs. nanorubber phr for (a) CNBR-NP/R system, (b) NBR-NP/R system at different heating rates, 1: 5�C/min, 2: 10�C/min, 3: 15�C/

min, 4: 20�C/min. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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There is a slight increase in Ea values with nanorubber concen-

tration for NBR-NP blends whereas the activation energy

decreases slightly with nanorubber concentration in CNBR-NP

blends. Fumed silica addition within the system does not affect

the activation energy.

This difference of Ea with nanorubber concentrations for these

two nanorubber systems can be attributed to the single particle

diameter and dispersion efficiency of the two nanorubbers

within resin. Evenly dispersed CNBR-NP create larger surface

area within the same amount of sample on which curing reaction

takes place. With the creation of further cure initiation spots

within CNBR-NP/R blends, the energy required for the reaction

to start is slightly decreased. So in a way, with a decrease in the

size of the particles dispersed within the matrix and higher sur-

face energy storage, physically the cure reaction is eased.

Conversely, in NBR-NP/R blends, due to slight agglomeration

and larger single particle size at high nanorubber loadings, the

stoichiometry of the system is affected and the energy required

to start the reaction is increased.

Dynamic Mechanical Analysis (DMA)

The fluctuation in Tg with nanorubber concentration obtained

from the dynamic mechanical analysis of the laminates is shown

in Figure 9(a). In this figure, it can be observed that there is a

2�C decrease in the Tg with 20 phr of NBR-NP addition to the

matrix meaning a slightly less dense resin network whereas the

Tg is not affected with CNBR-NP modification. Tg in CNBR-NP

modified CFRP laminates increases for 2�C with 5 phr of

CNBR-NP addition and decreases slightly and consistently after

this loading. This initial increase in Tg is due to the strong

interfacial bond between the evenly dispersed CNBR-NP and

the epoxy cross-links, which modifies the polymer behavior by

initializing chain entanglement. No change in Tg with CNBR-

NP modification means that almost all of CNBR-NP phase is

phase-separated.

For the NBR-NP modified CFRP samples, comparably larger

dispersed particle diameters at high nanorubber loadings leads

to rubber-rich and rubber-poor regions that help the polymer

molecules move easily and thus slightly decrease the Tg.
35 As a

result of the strong filler-filler interactions and weak filler-resin

interactions and the lack of active polar groups at the surface, it

takes efforts to blend the powdered NBR-NP with the epoxy

matrix in a mechanical blender. Due to the poor compatibility

of the epoxy resin with NBR-NP, there is a tendency for the

nanorubber to aggregate forming a strong filler network which

may do harm to the dispersion efficiency and the performance

of the composites as well.36 This decrease in Tg is also attributed

to the flexibilization of the matrix. Partially dissolved NBR-NP

plasticize the epoxy network. The Fox equation37 was used to

calculate the amount of NBR-NP that did not phase-separate

into particles:

1=Tg 5Wep=Tg ;E1WNBR-NP=Tg ;NBR-NP (8)

where W is the weight fraction and the subscripts E and NBR-

NP represent the epoxy and the NBR-NP, respectively. The neat

epoxy polymer has a Tg of 140�C and the NBR-NP has a Tg of

217�C.38 For the 20 phr NBR-NP toughened resin system, the

Fox equation indicates that 0.8 wt % (0.95 phr) of the nanorub-

ber does not phase-separate to give nanoparticles but remains

Table III. Activation Energies for all Blends, Calculated with Flynn Wall

Ozawa and Kissinger Technique

Activation energy, Ea (kJ/mole)

Sample Flynn Wall Ozawa Kissinger

R 82 80

5NBR-NP/R 81 79

10NBR-NP/R 82 79

10NBR-NP/R/0.26 FS 82 79

15NBR-NP/R 84 82

20NBR-NP/R 87 84

5 CNBR-NP/R 85 82

10CNBR-NP/R 84 81

15CNBR-NP/R 85 83

20CNBR-NP/R 82 79

FS: Fumed silica.

Figure 9. (a) Tg (�C) vs. Nanorubber phr for nanomodified CFRP laminates. (b) Dissolved NBR-NP phr within resin and DTg (�C) vs. dispersed NBR-

NP phr. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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in solution in the epoxy. In Figure 9(b), the dissolved NBR-NP

phr and DTg versus nanorubber loading is given. Until about 15

phr of NBR-NP dispersion, the amount of dissolved nanorubber

phase is almost negligible however with 20 phr of nanorubber

dispersion, 0.95 phr of the nanorubber does not phase separate

but dissolve within the resin. This may be due to the creation

of excess of surface area within the system after 15 phr of nano-

rubber loading which holds small amount of curing agent on

the nanorubber surface and prevents further cross-linking

resulting in the Tg drop.

Tg for CNBR-NP modified CFRP laminates was unchanged;

since the interfacial interaction between epoxy matrix and

CNBR-NP is relatively strong when compared to NBR-NP and

this phenomenon can improve the mechanical properties of

epoxy resin which is a continuation of this study and will be

reported later. It was also observed that the Tg value was not

affected by the addition of fumed silica particles.39 Similar

results, showing no change in Tg with the addition of silica par-

ticles, have been reported by other authors.40,41

Figure 10 shows the dynamic mechanical properties of CFRP

with NBR-NP/R and CNBR-NP/R matrices. In Figure 10(a), the

addition of CNBR-NP to the resin showed little influence on

storage modulus over the whole temperature range. The effect

of CNBR-NP on storage modulus in the glassy and the rubbery

region is different. In the glassy region the storage modulus was

not affected by CNBR-NP addition, which contradicts to the

general expectation that the addition of a soft nanorubber

should result in a decrease of the storage modulus of a stiff

thermoset resin matrix. This unusual behavior can be explained

in terms of the interfacial interactions due to which the local

matrix mobility around the CNBR-NP is reduced. Dynamic

storage modulus is also correlated with the tensile modulus of

the system indicating that the CNBR-NP effectively preserves

the stiffness of the polymer matrix. The slight decrease in stor-

age modulus with an increase in nanorubber concentration in

the rubbery region at elevated temperatures may be due to the

dissolution of negligible amount of CNBR-NP within the

matrix, resulting in slight flexibilization of the system.

In Figure 10(c) one can recognize that the incorporation of

NBR-NP results in a decrease in the storage modulus over the

whole temperature range compared to that of neat resin R. This

issue clearly proves the plasticization effect of NBR-NP when

Figure 10. (a) E0 (GPa) vs. T (�C) for CFRP with CNBR-NP/R matrix, (b) dynamic loss factor, tan d vs. temperature (�C) for CFRP with CNBR-NP/R

matrix, (c) E’ (GPa) vs. T (�C) for CFRP with NBR-NP/R matrix, (d) dynamic loss factor, tan d vs. temperature (�C) for CFRP with NBR-NP/R matrix.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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dispersed in the resin and a decrease in stiffness of the system

respectively. Another reason to this could be the decreased

degree of cross-linking induced by partial absorption of the cur-

ing agent by the nanorubber particles leading to a drop in

Tg.
42,43 The storage modulus of both nanorubber formulations

expresses that the nanorubber modification of the matrix

decreases the temperature at which resin modulus decays.

Dynamic mechanical loss factor (tan d) vs. temperature of neat

epoxy resin and the modified networks of the two nanorubber

formulations are depicted in Figure 10(b,d). The peak height of

tan d increases with increasing the nanorubber concentration

for both systems. Thus, it could be concluded that the incorpo-

ration of nanorubber improves the damping behavior. Breaking

intermolecular bonds with nanorubber inclusion allows greater

chain mobility and results in an increase in the magnitude of

tan d peak heights.

CONCLUSIONS

In this study two novel acrylonitrile based nanorubber modified

epoxy resin systems are compared to each other. The research

explored a thorough story of each system starting with optimi-

zation of processing properties and requirements through rheo-

logical and curing studies. The most efficient dispersion

technique was identified and the morphological properties of

nanorubber modified resin matrices were studied in detail, by

considering the structure/property relationships.

The SEM studies show that in higher nanorubber concentra-

tions of NBR-NP blends, partial agglomeration occurred, and

the single particle size was greater than that of CNBR-NP. Due

to the plasticization effect, a 2�C decrease in Tg with 20 phr of

NBR-NP addition was observed whereas CNBR-NP dispersion

within the matrix did not affect the Tg. NBR-NP blends attained

lower viscosity in comparison with CNBR-NP blends and both

systems showed increasing shear thinning with increasing

nanorubber concentration. The slight difference in activation

energy (Ea) and peak temperature (Tp) in these two systems

was attributed to the difference in van der Waals forces in rela-

tion to the single particle size and filler content. Inclusions of

rubber caused a delay in polymerization for both systems as

observed from DSC and oscillatory rheometer analysis. This

is attributed to the reduction in concentration of reacting

species.

Finally, it could be concluded that the two acrylonitrile based

nanorubber materials do not increase the viscosity beyond proc-

essing limits 20 phr as well and do not affect the Tg of the resin

substantially. Even dispersion of both nanorubbers within the

resin and the good interfacial properties could improve the

mechanical properties, and this will be discussed in the subse-

quent article.
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