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Abstract: Nanocomposite samples of the copolymer of ethylene and vinyl acetate containing carbon nanofibers and nano-
tubes have been prepared by mixing in solution. In order to improve interfacial interactions in the polymer-nanofiller system 
they were subjected to a preliminary chemical functionalization. The efficiency of functionalization was estimated by the IR 
spectroscopy. The X-ray diffraction and strength characteristics of the obtained nanocomposites filled by the untreated 
and functionalized carbon nanofibers and nanotubes with different filling degree were compared. 

 

1. INTRODUCTION 

Carbon nanomaterials (CNM) are considered to be pro-
mising fillers for nanocomposites thanks to their high me-
chanical, adhesive and other properties. These properties 
may improve essentially technical characteristics of nano-
composites (Cipiriano, 2007; Yang, 2004). It is, neverthe-
less a difficult task to create such a nanocomposite. 
The difficulties in application of nanostructured nanofillers 
consist in attaining their optimal dispersion in the matrix 
polymer, and the efficient bonding with the polymer mac-
romolecules. The most applicable method of reaching 
the optimal dispersion of nanofillers is the exposure to the 
ultrasonic field (Kodgire, 2006; Lin, 2005). The method 
of efficient fixing of the single-wall (Bahr, 2002; Dyke, 
2004; Haggenmueller et al, 2006) and multiwalled (Mago 
et al, 2008; Lin, 2002; Grimes, 2001) nanotubes in the 
polymer matrix consists in their preliminary covalent func-
tionalization by the polar groups. There is, however lack 
of information on the expediency and possibility of func-
tionalizing carbon nanomaterials in the form of a mixture 
of nanofibers and nanotubes.  

In the present work the nanofiller was introduced into 
the polymer matrix by the method of mixing in solution. 
This method is considered in literature as a most efficient 
one for obtaining CNM-filled nanocomposites. And as 
reported in some scientific papers (Mark, 2005) this method 
most enables to solve the problem of nanoparticles agglom-
eration at introduction into the polymer matrix and to en-
sure a better interfacial interaction between the polymer 
matrix and nanofiller particles. 

2. EXPERIMENTAL DETAILS 

2.1. CNM and its functionalization 

The CNM used in the present investigations was derived 
by methane decomposition under a high-voltage discharge 

plasma in the Institute of Heat and Mass Transfer of NASB. 
It is a soot-like matter consisting of carbon nanofibers, 
nanotubes as well as the particles of amorphous and graphi-
tized carbon. The dimensions of CNM nano-structures were 
determined from the SEM micrographs. 

The functionalized CNM (f-CNM) was obtained by tre-
ating with a mixture of concentrated mineral acids. 
The CNM were treated with the acids during 3-4 hours 
under 80 ± 5 °C with constant agitation, followed by cool-
ing and settling of the mixture. Thus produced precipitant 
was washed repeatedly by distilled water and dried till the 
full removal of the water.  

2.2. Preparation of the nanocomposites 

The polymer matrix under study was the copolymer 
of ethylene and vinyl acetate (EVA) produced by OAO 
SEVILEN (Kazan, Russia), grade 11808-340 with vinyl 
acetate content 26-30 wt%. The nanocomposite was pre-
pared by mixing CNM in the EVA solution in oxygen 
AT exposure to the ultrasonic field. With this aim, the EVA 
granulate was placed into a flask with a slice, and a neces-
sary amount of CNM (0÷0,5 wt%) with a solvent. The flask 
was placed into an ultrasonic bath Bandelin Sonorex Super 
(of 80 Wt power and 35 kHz frequency) fit with a heater. 
The polymer was dissolved under 50÷55 °C within 1 h. 
To avoid gaseous losses of the solvent a backflow con-
denser was installed in the slice inside the flask. The CNM 
nanofiller was subjected to the ultrasonic dispersion 
for 30 min after complete dissolving of the polymer. 
The prepared solutions of EVA with suspended in them 
CNM were poured into the Petri dishes and placed into an 
exhaust hood for 12 hours. Then, the dishes were placed 
into a thermostat under 60 °C temperature for a day. 
The resultant dry precipitant was milled. Seven samples 
of nanomodified EVA with CNM and f-CNM content 
0 ÷ 0,5 wt% were prepared following above procedure. 
To produce experimental samples of glued EVA splices 
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and to continue the investigations, thus obtained nanocom-
posites were ground into a powder  using a cryogenic mill 
“Pulverisette-14” and a vibration feeder “Laborette-24” 
for continuous feeding of the ground material. Liquid nitro-
gen was used as a cooling agent. The composite material 
ground into the powder was then dried at 10 °C temperature 
during 8 hours to remove condensation water. 

To study the effect of CNM nanofiller on structural pa-
rameters of the EVA matrix, the prepared powder nano-
composites underwent hot pressing to obtain 200-250 µm 
thick films. 

To define variations in adhesive properties of EVA to-
wards metal surfaces induced by introduction of CNM, 
we have prepared model samples of glued joints from 
the powder nanocomposites. The metal surfaces for gluing 
were strips of aluminum sheets having width b = 200 mm, 
and thickness h ≈ 0,2 mm. The strips were glued with over-
lap to the EVA nanocomposite by hot pressing under above 
130 °C. The overlapping length was a = 150 mm, thickness 
of the glue joint t  ≈ 200 µm (Fig. 1). The samples were 
prepared and the adhesive bond was tested for the ultimate 
strength at shear following the State Standard GOST 
14759-69 “Glue joints of metals. A method for determining 
shear strength”. (Airapetyan, 1980). The maximal load 
on the adhesive bond till failure by shear was estimated 
on a testing machine Instron 5567 at velocity of the grips 
10 mm/min. 

 
Fig. 1. Scheme of a sample from aluminum sheets  
           with a glue joint on EVA nanocomposite 

2.3. Investigation methods 

The efficiency of CNM functionalization was estimated 
by the IR spectra recorded by a spectrophotometer Nicolet 
5700 FTIR. The spectra were recorded on a NaCl glass. 

The radiograms of the composite films were recorded 
using diffractometer Dron-2,0 with radiation of СuKα, 
filtered λ = 0,1542 nm. The X-ray diffraction parameters 
were obtained by processing the radiograms keeping 
to the traditional procedures.  

It is common knowledge (Jale, 1968; Martynov, 1972) 
that the presence of a clearly isolated diffusion halo 
and narrow reflexes on the radiogram assists in defining 
radiologic crystallinity degree ω

с
 by the relation:  
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where S = 2sinΘ/λ – vector of reciprocal space;  J – total 
scattering intensity of X-ray beams in the interval of angles 
Θ1 and  Θ2; Jc – total scattering intensity in the region 
of narrow reflexes.  

The interplanar distances corresponding  to the reflexes 
were determined by Bregg-Wolf’s formula (Wanderlich, 
1976): 
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where d – distance between planes of reflection; n – whole 
number; Θb – the angle formed by the incident beam 
and the plane; in our case  n = 1; λ = 1,514 Å). 

The dimensions of crystallites were calculated 
by Sherrer’s formula  (Martynov M.A., 1972): 

0,9

cos
,

b

L
λ

β Θ
=

⋅
 (3) 

where L – crystallite size, Å; β – line width, radian;  
λ – wavelength, Å. 

The radiograms were recorded on a chart strip with re-
calculation so as to consider the scale. In our case, one 
angular degree corresponded on the strip to a 6 mm dis-
tance, one radian corresponded to the angle 57,3°. So, Eq. 
(3) for value L expressed in Å, will take the form: 
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To describe the changes in the supermolecular structure 
of the matrix in response to nanofiller effects, one should 
study the following parameters: relative share of the coarse 
crystals in the crystalline region δb: 
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where S2; S3 are the integral intensities of reflexes 2 and 3, 
respectively; the relative share of the fine crystals δs in the 
amorphous region determined by: 
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where S2, Sаm are the integral intensities of reflex 2 and the 
amorphous region, correspondingly. 

3. RESULTS AND DISCUSSION 

3.1. CNM and results of its functionalization 

SEM investigations (Fig. 2) have shown that the CNM 
consists of 100÷200 nm in diameter and 1÷1.5 µm long 
carbon nanofibers; multiwall carbon nanotubes 20÷40 nm 
in diameter and 1÷10 µm long in the form of a branched 
interweaving. Notice that the particles of the amorphous 
and nanotube carbon are seen on all SEM microphoto-
graphs. Proceeding from the above, we can say that CNM 
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is a polydispersed product containing different in shape 
and size nanoparticles with the admixture of microparticles 
and amorphous carbon nanoparticles. 

The CNM and f-CNM were characterized using 
the method of IR spectroscopy. There were no any essential 
differences after CNM treating with a mixture of mineral 
acids (Fig. 3). Both curves display the bands in the region 
1725 cm-1 that correspond to oscillations of the C=O link 
in carboxyl and a wide peak between 3000 and 3600 cm-1 
correlated with hydroxide (-OH) oscillations in carboxyl. 
The appearance or intensification of named bands in the 
 same regions was also observed in the works (Hung, 2009 
and Anoshkin, 2008) after the acid treatment of nanotubes 
and nanofibers. Proceeding from these results, we may 
assume that there is insignificant content of polar groups 
on the surface of nanostructures of the initial CNM, while 
the acids treatment augments their amount.  

 
Fig. 2. SEM image of CNM 

 
Fig. 3. IR spectra of CNM (1) and  f-CNM (2) 

3.2. X-ray diffraction parameters of the nanocomposite 

Fig. 4 presents most typical radiograms of the non-filled 
EVA film, nanocomposite EVA + CNM films and those 
of EVA + f-CNM. The radiogram of the EVA film displays 
a single clear-cut reflex 2 and a considerable area 
of a symmetric amorphous halo. In the case with the nano-
composite films, their radiograms show reflexes 1, 3, 4 
and reduced a little area of the amorphous halo, which 
is a proof to variations in the supermolecular structure 
of the nanocomposite. The essential differences in radio-
grams of the films EVA and f-CNM consist in the absolute 
and relative intensities of some reflexes, as well as the sha-
pe and size of the amorphous halo. It should be noted that 
the number of reflexes and their angular position on the 
radiograms is similar for all samples under study (within 
the limits of test sensitivity and measurement errors). 

 
Fig. 4. Characteristic radiograms of the films:  
            a –EVA, b – EVA + CNM); c – EVA +f-CNM 

Tab. 1. X-ray diffraction parameters of films EVA 

Samples 
Struct. 
para- 
meter 

Reflex No. 
ωc 1 2 3 4 

EVA 
(granulate) 

2Θ weak 21°33' 24°66' weak 

0,11 d,Å - 2,12 1,85 - 

L,Å - 47 210 - 

EVA 
(from 

solution) 

2Θ weak 21°33' 24°66' weak 

0,11 d,Å - 2,12 1,85 - 

L,Å - 73 276 - 

EVA + 
CNM 

0,1 wt% 

2Θ 12°20' 21°20' 24°66' 26°50' 

0,16 d,Å 3,65 2,13 1,85 1,73 

L,Å 163 73 210 247 

EVA+ 
f-CNM 
0,1 wt% 

2Θ 12°20' 21°20' 24°66' 26°50' 

0,22 d,Å 3,65 2,13 1,85 1,73 

L,Å 122 63 210 267 

The calculated X-ray structural parameters of the sam-
ples are shown in Tab. 1.  

The calculations using formula (4) have shown that the 
crystalline phase in the studied samples consists of rather 
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fine crystals 47 ÷ 73 Å (reflex 2), average ones 122 ÷ 163 Å 
(reflex 1) and coarse crystals 210 ÷ 276 Å (reflexes 3 
and 4). A negligible effect is imposed on the crystal size 
by preliminary dissolving of the polymer matrix in the 
organic solvent. The crystals are a little larger in these 
films. Introduction of CNM into the EVA matrix forces the 
coarse crystals to return from 276 down to 210 Å size, i.e. 
to the size similar to the initial EVA not subjected to pre-
liminary dissolving.  

The calculation of crystallinity degree (ωc) using formu-
la (1) has shown that the non-filled EVA films have  
ωc = 0,11. Introduction of CNM into the EVA matrix in-
creases the degree of crystallinity, while the maximal value 
of ωc = 0,24 was reached in the EVA samples with 0,5 wt% 
concentration of f-CNM. 

Depending on the content (wt%) and the type of CNM 
in these films EVA differently changes the ratio of large 
and small crystals. Figure 5 presents the dependence of the 
fraction of small crystals in the amorphous region. 

 
Fig. 5. Variations in relative share of fine crystals  
            in the amorphous phase depending on the wt% content  
            of nanofiller in EVA + CNM (1)  
            and EVA + f- CNM films (2) 

The introduction of all types of CNM leads to an incre-
ase in the relative share of small crystals in the amorphous 
region. The maximum value of the relative share of small 
crystals is achieved for films of EVA f-CNM at a concen-
tration of 0,1 wt.%. Similar variations in the polymer crys-
tal dimensions upon introduction of functionalized carbon 
nanoparticles were observed by other researchers on the 
example of polybutylene terephthalate (Mago et al., 2008). 
The relative share of the coarse crystals in the nanocompo-
site EVA films increased too, and there were not any noti-
ceable differences between the films EVA + CNM or EVA 
and f-CNM in what concerns this parameter.  

Based on the results obtained, we have made the follo-
wing conclusions. The major effect induced by the CNM 
introduction is the formation of a fine-crystalline phase. 
It is to be noted that the layer-to-layer distance in the fine 
crystals (reflex 2, d = 2,12 Å) coincides with the mean 
interlayer distance in the amorphous phase. Such a situation 
may occur if the crystalline region created by the unrolled 
molecular balls, in which the straightened macromolecular 
chains are forming the crystals (Wanderlich, 1976). Named 
structures are characterized by the presence of a large num-

ber of transit chains, which improves in a number of cases 
physico-mechanical characteristics. The nanostructures  
f-CNM assist most efficiently the formation of crystals 
from the straightened macromolecular chains when their 
concentration is 0,1 wt%.  

3.3. Adhesive properties of the nanocomposite 

The results of testing mechanical properties of the glue 
joints in which EVA was used for lap splicing of aluminum 
sheets are shown in Table 2.  

The data proves that introduction of CNM into the EVA 
matrix enhances strength of the glue joint. Most strong glue 
joints with EVA are obtained when the f-CNM is used 
as a filler, which is evidently related to optimization of the 
interfacial interactions in the nanofiller-matrix contact. 

Tab. 2. Mechanical test results of glue joints with EVA at shear 

Glue joint compo-
sition 

Ultimate load 
to failure 

Ultimate 
strength, 

MPa 

Strength 
variation 
related to 

check 
sample, % 

EVA  (check) 42.5 14.2 – 

EVA + CNM 
0,05 wt% 

52.4 17.5 23.2 

EVA + CNM 
0,1 wt% 

51.4 17.1 20.9 

EVA + f-CNM 
0,05 wt% 

55.1 18.4 29.7 

EVA + f-CNM 
0,1 wt% 

57.3 19.1 34.9 

 
1 2 3 

Fig. 6. Failure mode of glue joints: 1 – CNM; 2 – EVA + CNM;  
           3 – EVA + f-CNM 

It should be noted that the majority of the test samples 
has shown the adhesive failure mode in the glue joints. 
As for the samples containing EVA and f-CNM, they show 
simultaneously the signs of adhesive and cohesive failure 
in the splice (Fig. 6). This fact speaks in favor of the incre-
asing adhesive strength. 

4. CONCLUSIONS 

The test results have proved that the acid treatment 
augments the content of polar groups in the CNM 
on the surface of nanostructures. All nanomodified samples 
display the enhanced crystallinity degree, its maximum 
being observed in the case of using the f-CNM. The crystal-
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linity degree growth takes place mainly due to the incre-
asing amount of fine crystals in the amorphous region. 
The maximal strength increase by ≈ 35% in the glue joint 
with the EVA nanocomposite was recorded when f-CNM 
was introduced.  
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