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a b s t r a c t 

Nanocomposites of isotactic polypropylene loaded by various amounts of vapor-grown carbon nanotubes 

ranging from 0 to 20% wt. were obtained by extrusion. Raman investigations on these nanocomposites 

are reported. The nanocomposites were irradiated using a 60 Co, with an integral dose of 1 kGy/h up to 

integral doses of 9 kGy, 18 kGy, and 27 kGy, in air, at room temperature. Raman measurements were 

performed by using a Bruker Senterra confocal Raman spectrometer operating at 785 nm. The research 

is focused on the information contained within the D and G Raman lines of these nanocomposites as 

a function of nanotube loading for various integral doses. The experimental data revealed the graduate 

silencing of the molecular motions assigned to the polymeric matrix due to the nanofiller and ionizing 

radiation. 

Based on experimental data, it is concluded that the positions of the D and G lines exhibit faint shifts 

due to the irradiation and that (on average) these shifts are consistent with the changes of the positions 

of D and G lines upon the increase of the loading with vapor-grown carbon nanofibers. Raman data sug- 

gest that the irradiation relaxes the pressure exerted on the nanofiller by the polymeric matrix, indicating 

a path to improve the physical features of polymer-carbon nanostructure nanocomposites. The research 

demonstrates the capability of Raman spectroscopy to sense the modifications of molecular vibrations in 

polymer-based nanocomposites, for both the polymeric matrix and the nanofiller. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1. Introduction 

Polypropylene (PP) is a semicrystalline polymer consisting of 

four crystalline phases identified as alpha, beta, gamma, and smec- 

tic [1–4] . Polypropylene (PP) has good mechanical [5] , thermal [6] , 

and radiation stability features [ 1 , 7 ]. The recent discovery of car- 

bon nanostructures and, in particular of carbon nanotubes (CNTs) 

and carbon nanofibers (CNFs) provided a path for the improve- 

ments of the features mentioned above [ 8 , 9 ]. Through their very 

high modulus and huge aspect ratio, CNFs and CNTs enhanced the 

mechanical properties of the polymeric matrix (assuming a good 

dispersion of the nanofiller and compatible surface features [10–

12] ). Improvement of the thermal stability [ 13 , 6 ] and decreases of 

flammability were also reported in polymer-carbon nanostructures 

composites [ 14 , 12 ]. Additionally, the electric [ 15 , 16 ] and thermal 

conductivity of CNFs or CNTs added new features (such as ther- 
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mal and electric conductivity) to the polymeric matrix. The pres- 

ence of free (conducting) electrons [4] on the nanofiller provides a 

quick path for the delocalization of the energy deposited by the in- 

cident radiation within the nanocomposite, and for the subsequent 

recombination reactions of the free radicals generated within the 

polymeric matrix by radiation [17] , thus finally improving its radi- 

ation stability. 

Polymer-based nanocomposites have been obtained by dispers- 

ing various fillers such as CNTs or CNFs within different polymeric 

matrices [18] . The outcome is a material with a continuous phase 

- like a sea - represented by the polymeric matrix, with islands of 

nanofiller agglomerations. An important goal is to reduce the size 

of these agglomerations, thus increasing the contact area between 

the polymeric matrix and the nanofiller. The polymeric matrix ac- 

commodates the nanofiller by sacrificing its elastic features. From 

the mechanical point of view, the nanoparticles exert a strain on 

the continuous polymeric matrix. In the linear elastic domain, this 

strain is converted into stress via the multiplication by the Young 

modulus. For PP the Young modulus is ranging from 400 × 10 6 Pa 

https://doi.org/10.1016/j.cartre.2021.100119 
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[ 9 , 19 ], up to about 1.6 × 10 9 Pa (for neat PP at a strain rate of 

0.05%min 

−1 [5] ), thus providing impressive stress for the actual 

strain due to the nanofiller. For whatever reason, the report on the 

study of mechanical properties of PP loaded by single-walled car- 

bon nanotubes (SWCNTs) by Raman spectroscopy did not include 

the analysis of the stress or strain on the position and/or width of 

the main D and G bands [9] . The tangent modulus for unstrained 

fibers of PP was estimated to be about 4.0 × 10 9 Pa [20] . In the 

case of isotactic polypropylene (iPP) loaded by CNFs, the position 

of the G band was moved to larger shifts as the strain applied was 

increased [21] . This shift was linear for strains less than 2%. The 

dependence of the G band on applied strain was accurately de- 

scribed by [21] : 

ε ( x ) = [ ν( x ) − ν( 0 ) ] /S (1) 

where ε(x) is the strain associated with the position identified by 

the one-dimensional coordinate x, ν(0) is the position of the G line 

assuming that no strain is acting on the nanofiber, ν(x) is the po- 

sition of the nanofiber if a strain of x% is acting on it, and S is the 

slope of the dependence of the Raman line G on the strain. It was 

reported that for PP – CNFs, S is equal to 11.9 cm 

−1 /% (assuming 

that ν is measured in cm 

−1 and ε in%) [21] . 

The nanofiller senses the pressure (stress) σ F exerted by the 

polymeric matrix. This stress is eventually equal and opposite to 

the stress acting on the polymeric matrix, σ P . However, the asso- 

ciated stress acting on the nanofiber (in the linear elastic range) is 

converted into the strain εF via a division by the Young modulus 

of the nanofiller. For CNFs, the Young modulus ranges typically be- 

tween 10 11 and 10 12 Pa [19] . This qualitative description suggests 

that the strain acting on the CNFs or CNTs dispersed within typ- 

ical polymeric matrices is smaller than the strain exerted on the 

polymeric matrix by about 2 to 3 orders of magnitude. From the 

mechanical point of view, the CNFs are in a quasi-isostrain do- 

main, where changes of the applied stress are not sustained by 

sizable modifications of the strain. As the nanofiller concentration 

increases, the polymeric matrix is stretched up to the failure point 

where the nanofillers’ bleeding starts. This range corresponds to 

the break of the polymer in a standard stress-strain dependence. 

Raman spectroscopy evolved into a powerful method for in- 

vestigating atomic and molecular motions within matter. Conse- 

quently, it is expected that the development of internal stresses 

(strains) may be sensed and monitored by both Raman and FTIR 

spectroscopies [22] . Raman spectroscopy may sense both the poly- 

meric matrix and the nanofiller (in polymer-based nanocompos- 

ites), providing complex and rich information [ 22 , 23 ]. 

Raman spectroscopy of carbon nanostructures focuses typically 

on three spectral ranges: 

1. Low wavenumber range (typically below 500 cm 

−1 ). Within the 

low wavenumber range, the Raman spectra of carbon nanos- 

tructures typically include various radial breathing modes as- 

sociated with vibrations of closed atomic contour. The Radial 

Breathing Modes (RBMs) were reported in SWCNTs and double- 

walled carbon nanotubes [24] . Essentially, multi-walled carbon 

nanotubes (MWCNTs), CNFs, and carbon fibers (CFs) do not ex- 

hibit well-resolved RBM spectra, although a broad Raman line 

maybe eventually noticed [ 11 , 24 ]. 

2. Medium wavenumbers (or DG) range typically extends from 

1200 cm 

−1 to 1700 cm 

−1 and includes two strong and well- 

resolved lines; one located within the range 1250 to 1450 cm 

−1 

and identified as D band (originating from defects [25] ) and 

the other located in the range 1500 to 1650 cm 

−1 , labeled as 

G band, and assigned to graphitic structures [24] . The position 

of the D band typically ranges between 1360 and 1365 cm 

−1 

[26] . The position of the D band is moved to larger Raman shifts 

as the energy (frequency) of the impinging Raman radiation is 

increased [26] . Raman investigations on CNFs subjected to me- 

chanical stresses (strains) indicated that the parameters of the 

D and G lines (line position, line width, and the ratio between 

the area of the D line and the area of the G line, labeled as 

S D /S G ) are sensitive to local stresses (strains). 

It was reported [27] that the position of the D band shifts to 

smaller Raman shifts as the strain acting on the CNTs is increased 

(extension mode). The dependence was reported to be almost lin- 

ear with a slope of about −4.7 [1/(cm%strain)] [27] . 

The position of the G line is usually reported in the range 1585 

to 1900 cm 

−1 [ 24 , 26 ]. In some instances, the G line is split into up 

to three components labeled as G 

+ , G-, and G 

−2 , with G 

+ located 

at larger Raman shifts than the main G line and G 

− (as well as 

G 

−2 ) located at lower Raman shifts than the main G line [26] . It 

was reported that the position of the G 

+ line ( νG + ) does not de- 

pend on the diameter of the nanotube while the position of the G 

−

line ( νG- ) depends on the diameter of the nanotube d, according to 

[25] : 

νG − = νG + − A/ d 2 (2) 

Where A = 79.5 × 10 −7 nm for metallic and respectively 

47.7 × 10 −7 nm for semiconducting samples. Typically both G 

+ 

and G 

− lines are noticed in metallic and semiconducting nanotubes 

[25] . The splitting of the G line under stress was also reported [8] . 

The SWCNTS’ Raman shift for D, G 

+ , and G 

− components were re- 

ported to move towards smaller values as the applied strain was 

increased [27] . 

For SWCNTs subjected to strains up to 5% the average slope 

for the displacement of the D band was −4.7 [1/(cm%strain)], for 

the G 

+ band was −8.6 [1/(cm%strain)], and for the G- band was 

−8.0 [1/(cm%strain)] [ 27 , 28 ]. Slightly larger slopes were reported 

for SWCNTs [29] . The general conclusion was that compressive 

stress increases the value of the Raman shift and tensile stress de- 

creases the value of the Raman shift. 

A natural (analogous) model for the effect of stress/strain on 

nanotubes is provided by the Raman studies on CNTs and CNFs 

subjected to high pressures [30–33] ,. Thus the increase of the pres- 

sure up to 140 GPa moved the position of the G Raman line to- 

wards larger values [33] . The displacement was linear with slopes 

of 5.8[1/(cmGPa) for SWCNTs and 4.3[1/(cmGPa) for SWCNTs for 

pressures up to 10 GPa [34] . 

3. High wavenumber range typically extends from 2300 to 3600 

cm 

−1 . This range includes the G’ (2D or D 

∗) line located at 

about 2700 cm 

−1 . These lines generally are weaker than the 

D and G lines for carbon nanofibers [24] . Usually, the G’ line 

appears to be more sensitive to stresses/strains; however, the 

analysis of its parameters may involve more significant errors 

due to its reduced intensity and the overlap with additional Ra- 

man lines originating from the matrix. No contributions due to 

the nanofiller were recorded in this spectral range for incom- 

ing electromagnetic radiation of 785 nm, within experimental 

errors. 

Previous experimental data [35] reported that the intensity of 

the D line is not affected by irradiation (within experimental data); 

the positions of the D and G lines are not affected by gamma ir- 

radiation up to integral doses of about 500 kGy. The intensity of 

the G line increases as the integral dose is increased [35] . Stud- 

ies on electron beam irradiated MWCNTs indicated that the ratio 

between the area of the D and G bands is not affected by irra- 

diation (within experimental errors), revealing a displacement to- 

wards smaller Raman shifts for the D line as the integral dose 

was increased up to 10 0 0 kGy [36] . The position of the G band 

appeared to be less sensitive on the integral dose [36] . Stud- 

ies on the effect of gamma irradiation in air on composite of 
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polyethylene (PE) loaded by up to 1% VGCNF revealed that the 

oxidation index is decreased by the presence of MWCNTs. How- 

ever, the oxidation index is decreased as the irradiation (inte- 

gral) dose is increased, suggesting that the defects generated by 

the irradiation of nanotubes have an antioxidant behavior improv- 

ing the radiation stability of the polymeric matrix [37] . Electron 

beam irradiated VGCNF (from the same company) revealed min- 

imal modifications due to irradiation; the initial position of the 

D and G band (located at 1350.72 ±1.06 cm 

−1 and respectively at 

1590.80 ± 1.5 cm 

−1 are shifted to 1352.41 ± 0.94 cm 

−1 and re- 

spectively1590.22 ± 1.09 cm 

−1 after irradiation up to an integral 

dose of 10 0 0 kGy (including heating) and to 1351.83 ± 0.9 cm 

−1 

and respectively 1590.37 ± 1.03 cm 

−1 after heating and irradiation 

up to 30 0 0 kGy [38] . The ratio between the areas of the D and G 

bands was increased from 3.67 ± 0.07 to 3.70 ± 0.10 after irra- 

diation (and heating) at up to 10 0 0 kGy and to 3.72 ± 0.09 after 

irradiation (and heating) up to 30 0 0 kGy [38] . The heating temper- 

ature was about 350 °C and thus was too low to trigger modifica- 

tions of the VGCNFs [38] . 

This manuscript reports on the Raman investigations of a se- 

ries of nanocomposites obtained by adding Vapor Grown Carbon 

Nanofibers (VGCNFs) to a polymeric matrix (iPP). The loading with 

VGCNFs was ranging between 0 and 30% wt. VGCNF. Addition- 

ally, the effect of ionizing radiation on these samples is discussed 

in detail. The analysis focuses on the fillers’ tale, with emphasis 

on the region of the Raman spectrum located between 1200 and 

1700 cm 

−1 . Usually, the research on the molecular vibrations in 

polymer-based nanocomposites is focused either on the vibrations 

originating from the polymeric matrix [39] or on the vibrations as- 

signed to the nanofiller [39–41] . This research demonstrates the 

capability of Raman spectroscopy to sense the modifications of 

molecular vibrations in polymer-based nanocomposites, for both 

the polymeric matrix and the nanofiller, and completes our pre- 

vious study on the changes in the Raman spectra of the polymeric 

matrix due to the irradiation and loading by VGCNFs in the same 

samples [23] . 

2. Experimental methods 

High shear mixing of isotactic polypropylene (Marlex HLN- 

120–01; Philips Sumika Polypropylene Company) with carbon 

nanofibers (PR-24AG; Pyrograf Products, Inc) was used to produce 

nanocomposites of isotactic polypropylene loaded by vapor grown 

carbon nanofibers (iPP-VGCNF), by utilizing a HAAKE Rheomix op- 

erating at 65 rotations per minute (rpm) and 180 °C for 9 min fol- 

lowed by an additional mixing at the same temperature and at 

90 rpm for 5 min. The loading of the polymeric matrix ranged 

between 0 and 20% wt. The final samples were obtained by hot 

pressing the as obtained blends into sheets with a thickness of 

0.6 mm by a force of 10 0 0 N for 100 s, at 180 °C. The as-obtained 

samples were gamma-irradiated in air, at room temperature at a 

dose rate of 1 kGy/h up to integral doses of 0 (reference sample), 

9 kGy, 18 kGy, and 27 kGy by a 60 Co source. The Raman mea- 

surements were performed about one month after irradiation. Af- 

ter the irradiation was stopped, the irradiated samples were stored 

in sealed plastic bags at room temperature. 

Raman measurements have been performed using a Bruker 

Senterra dispersive Raman microscope spectrometer equipped with 

a 785 nm laser diode. 

The subsequent analysis will focus on the spectral parameters 

of VGCNFs. The analysis will dissect the effect of the polymeric 

matrix and of the ionizing radiation on the whole nanocompos- 

ite while isolating the effect on the nanofiller (VGCNF) component. 

This will provide a basis for a better understanding of the atomic 

and molecular elasticity in polymer-based nanocomposites. In ad- 

dition, complementary data by Raman spectroscopy on the effect 

of ionizing radiation and loading by VGCNFs on the position and 

widths of some relevant Raman lines originating from the poly- 

meric matrix have been reported [23] . 

3. Experimental results 

The as recorded, full Raman spectra in the range 200 to 

3200 cm 

−1 for iPP-VGCNF nanocomposites, irradiated up to vari- 

ous integral doses are collected in Fig. 1 . At low loading with VGC- 

NFs (less than 5% wt. VGCNFs) the Raman spectrum contains both 

the spectra assigned to the polymeric matric (iPP) as well as the 

spectra assigned to VGCNFs. As the loading with VGCNFs increases, 

the Raman lines due to the polymer are silenced and eventually 

broadened ( Fig. 1 ). Typically for nanocomposites containing more 

than 5% VGCNFs, the Raman spectrum is dominated by the contri- 

butions originating from the nanofiber. 

As noticed from Fig. 1 , in agreement with Raman data on VGC- 

NFs [ 25 , 24 ], no Raman line was detected in the low wavenumber 

region. In the medium wavenumber range ( Fig. 2 ), at high load- 

ing with VGCNs (above 5.0% wt. VGCNF), the Raman spectrum is 

dominated by the D and G lines. 

The Raman spectra of iPP-VGCNF nanocomposites irradiated up 

to different integral doses ranging from 0 to 27 kGy, loaded by 

various weight concentrations of VGCNFs, and analyzed in 1200 

to1700 cm 

−1 range, are shown in Fig. 2 . 

The following Raman lines were observed and identified in the 

range 1200 to 1700 cm 

−1 ( Table 1 ). 

A simple analysis of the spectra collected in Fig. 1 reveals the 

strong modifications generated by the loading with VGCNFs. It is 

noticed that the addition of the nanofiller silences the molecu- 

lar vibrations occurring within the polymer. At high loading with 

nanofiller, the spectra of these nanocomposites are dominated by 

the spectrum of the nanofiller. 

The Raman lines assigned to the polymeric matrix are relatively 

weak, and they are decaying fast as the loading with VGCNFs. is 

increased. Typically, the Raman spectra of the nanocomposites are 

dominated by the lines due to the nanofiller for nanocomposites 

containing 5% or more VGCNFs, irrespective of the integral irradia- 

tion dose. 

The Raman spectra of iPP-VGCNFs in the range 1200 to 

1700 cm 

−1 consists of up to 7 lines, with two lines associated 

to the D band originating from VGCNFs (at low wavenumbers, 

1300 cm 

−1 ) and to the G band, originating also from VGCNFs and 

located at the high wavenumber limit, at about 1600 cm 

−1 . Up to 

5 weak Raman lines originating from the polymeric matrix were 

noticed between the D and G lines. 

I = (2 ∗ A 1 /π ) ∗ W 1 / 4 ∗ ( x − C 1 ) ∗ ( x − C 1 ) 
+ W 1 ∗ W 1 + (2 ∗ A 2 /π ) ∗ ( W 2 / ( 4 ∗ ( x −C 2 ) ∗ ( x −C 2 ) + W 2 ∗ W 2 ) ) + 

+(2 ∗ A 3 /π ) ∗ ( W 3 / ( 4 ∗ ( x − C 3 ) ∗ ( x − C 3 ) + W 3 ∗ W 3 ) ) 
+(2 ∗ A 4 /π ) ∗ ( W 4 / ( 4 ∗ ( x − C 4 ) ∗ ( x − C 4 ) + W 4 ∗ W 4 ) )+ 

+(2 ∗ A 5 /π ) ∗ ( W 5 / ( 4 ∗ ( x − C 5 ) ∗ ( x − C 5 ) + W 5 ∗ W 5 ) ) 
+(2 ∗ A 6 /π ) ∗ ( W 6 / ( 4 ∗ ( x − C 6 ) ∗ ( x − C 6 ) + W 6 ∗ W 6 ) ) 
+(2 ∗ A 7 /π ) ∗ ( W 7 / ( 4 ∗ ( x − C 7 ) ∗ ( x − C 7 ) + W 7 ∗ W 7 ) ) 
+ B + S ∗ x + Q ∗ x ∗ x ;

(3) 

Where I is the intensity of the as-recorded spectrum, A i is the in- 

dividual intensity of each line, C i , the position (peak) for each line, 

W i is the width for each line, B is the base correction, S is the 

slope correction, and Q is the quadratic corrections (for all these 

lines). The subscript ”i” takes values between 1 and 7, correspond- 

ing to each Raman line component. Eq. (3) provides an excellent 

experimental data fit, with correlation coefficients better than 0.95. 

The best-fit parameters generated the values for lines positions, 

widths, (relative) amplitudes, and area ratio. 
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Fig. 1. Raman spectra of various iPP-VGCNF irradiated at different integral doses ranging between 0 and 27 Gy. 

Fig. 2. Detail of Raman spectra showing the D and G bands for various iPP-VGCNF irradiated at different integral doses ranging between 0 and 27 Gy. 

The upper panel of Fig. 3 depicts the effect of various loadings 

with VGCNFs on the position of the D line for different integral 

doses. For the unirradiated samples, the positions of the D line are 

shifted downwards as the concentration of VGCNFs is increased. 

At each constant (not zero) dose rate, the position of the D line 

was independent on the concentration of VGCNFs. It was noticed 

that the average position of the D line (for all concentrations of 

the nanofiller, at a given integral dose) shows a faint shift towards 

smaller Raman shifts as the integral dose is increased. 

The lower panel of Fig. 3 represents the dependence of the po- 

sition of the D line on the integral dose, for various loadings with 

VGCNFs. Excepting the samples containing 20% VGCNFs, the posi- 

tion of the D line exhibits a small downward displacement as the 

integral dose is increased. The sample containing 20% wt. VGCNFs 

4 
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Table 1 

Main Raman lines located between 1200 and 1700 cm 

−1 (for both the polymeric matrix and the nanofiller). Table 1 

Position [cm 

−1 ] Source Nature Reported Position [cm 

−1 ] Ref ∗

1 1220 Polymeric Matrix tCH 2 + vC –C + dCH 1220 [ 23 , 42 , 43 ] 

1 Polymeric Matrix tCH 2 + wCH + v(C –C) 1220 [44] 

2 1250 Polymeric Matrix dCH + tCH 2 + rCH 3 1257 [42] 

3 1335 Nanofiller D Line 1308–1360 [24] 

4 1365 Polymeric Matrix CH 3 symmetric bending + SCH 1360 [45] 

5 1440 Polymeric Matrix dCH 3 asymmetric 1435 [45] S 

6 1457 Polymeric Matrix dCH 3 asymmetric + dCH 2 1457 [46] 

6 1465 Polymeric Matrix dCH 3 asymmetric + dCH 2 1457 [23] 

7 1600 Nanofiller G Line 1500–1600 [24] 

v = stretching; d = bending; r = rocking; t = twisting; a = amorphous; c = crystalline; s = amorphous. 

Fig. 3. The dependence of the position of the D band (originating from VGCNF dispersed within iPP) on: UPPER PANEL the loading by VGCNF at various integral doses. 

LOWER PANEL: the integral dose for various loadings with VGCNF. 

5 
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Fig. 4. The dependence of the position of the G band (originating from VGCNF dispersed within iPP) on: UPPER PANEL the loading with VGCNFs for different integral doses 

and LOWER PANEL: the integral dose for various loadings with VGCNFs. 

exhibits an upward shift of the D line as the integral dose was in- 

creased. 

The upper panel of Fig. 4 represents the position of the G line 

as a function of the loading by VGCNFs for different integral doses. 

It is noticed that for the not irradiated samples, the position of 

the G line moves towards smaller Raman shifts as the concentra- 

tion of the VGCNFs is increased. For all irradiated samples, it was 

concluded that for each integral dose, the position of the G line 

is essentially not affected by the loading with VGCNFs. As in the 

previous case, the average (over all concentrations of nanofillers) 

6 
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position of the G band, for constant integral dose, exhibits a faint 

decrease as the integral dose was increased. 

The lower panel of Fig. 4 represents the dependence of the po- 

sition of the G line on the integral dose, for various loadings with 

VGCNFs. Excepting the samples containing 5% wt. VGCNFs and 20% 

VGCNFs, the position of the G line does not appear to be affected 

by the integral dose. The sample with 5% VGCNF shows a very 

small decrease of the G line position as the integral dose is in- 

creased. The sample containing 20% wt. VGCNFs exhibits an up- 

ward shift of the G line position, suggesting similar effects for ir- 

radiation and loading with nanofiller for both D and G lines. 

The dependence of the width of the D line on the loading by 

VGCNFs for various integral doses is shown in the upper panel of 

Fig. 5 . It is observed that the D line’s width experiences weak dis- 

placements towards higher Raman shifts as the concentration of 

VGCNFs is increased, for all investigated samples (irradiated and 

not irradiated). The D line’s width (see the lower panel of Fig. 5 ) 

does not depend on the integral dose for all samples excepting the 

one loaded by 20% VGCNFs, which exhibits a moderate upwards 

shift as the integral dose is increased. 

The upper panel of Fig. 6 depicts the dependence of the width 

of the G band originating from VGCNFs dispersed within iPP on 

loading with VGCNFs, for different integral doses. It is observed 

that the width of the G band is gently broadened as the loading 

by VGCNFs is increased. The width of the G line is not affected by 

the gamma irradiation within the experimental errors. The lower 

panel of Fig. 6 represents the width of the G band as a function of 

integral dose for various loadings by VGCNFs. It is noticed that for 

constant loadings with the nanofiller, the width of the G line does 

not depend on the integral dose. 

The upper panel of Fig. 7 depicts the dependence of the ratio 

between the area of the D and G areas on the loading by VGC- 

NFs, for various integral doses. It is concluded that for each inte- 

gral dose the ratio S D /S G is almost independent of the loading by 

VGCNFs. The dependence of the S D /S G on the integral dose at var- 

ious loading with VGCNFs exhibits a weak increase as the integral 

dose is increased, for samples loaded by 0, 1, and 20% wt. VGCNFs 

(see the lower panel of Fig. 7 ). For all the other samples, the ratio 

S D /S G is constant (within experimental errors). 

4. Conclusions 

Based on reported studies on the effect of ionizing radiation up 

to 10 0 0 KGy (analyzed within the introduction) it was expected a 

negligible impact of the gamma irradiation on the Raman spectra 

of VGCNFs (for such low integral doses - up to 27 KGy). The exper- 

imental data supported these expectations; the reported effect of 

ionizing radiation on the positions and widths of the D and G lines 

was significantly weaker than the effect of the loading by VGCNFs. 

However, both the increase of the integral dose and the increase of 

the loading with VGCNFs generated the same modifications. 

The detailed analysis of the average positions for both D and G 

lines of all samples irradiated at a constant integral dose revealed 

that qualitatively both the irradiation and the loading by VGCNFs 

are acting cooperatively, by shifting the line positions downwards. 

The most intriguing and important conclusion of this study is 

that the dependence of the Raman line parameters on the loading 

by VGCNFs tends to be erased by the ionizing radiation. This sug- 

gests that the ionizing radiation provides a path for the relaxation 

of the polymeric network. Such observation may have important 

consequences in the production of nanocomposites based on CNTs 

and CNFs. 

A final point related to the research proposed is connected to 

the sign of the Raman shift. The simple rule of thumb discussed 

within the introduction would identify the tensile strain with the 

downward displacement of the Raman line and the compression 

strain with the upwards shift. It was expected that due to the com- 

pressive pressure exerted on VGCNFs the positions of the D and 

G line should be displaced towards larger Raman shifts. Unfortu- 

nately, the answer is more complex mostly due to three competing 

elements. 

1 Compression or extension? The analysis of experimental data of 

nanofiller within polymeric matrix is complicated by the mass 

conservation (for both the nanofiller and the polymeric ma- 

trix), via the Poisson ratio as stretching a sample along a di- 

rection generates its contraction within a perpendicular plane. 

Usually, the change in the density of the sample is not capa- 

ble of balancing the change of the volume due to the applied 

stress. Consequently, it appears that the dissemination between 

compression and tensile strains is not very simple. For exam- 

ple, in the uniaxial stretching of polyethylene, the lines located 

at 1460 and 1480 cm 

−1 are moving towards larger Raman shifts 

as the strain is increased (for strains below 100%) while (in the 

same sample) the line located at 1080 cm 

−1 exhibit the oppo- 

site dependence in the same range of strains [47] . 

2 The behavior of the VGCNFs dispersed within the iPP matrix is 

analogous to the behavior of carbon nanostructures subjected 

to hydrostatic pressure. The pressure dependence of the Raman 

line position of the D line, νD , in diamond was demonstrated 

to obey the equation [48] : 

νD = ν(0) 
D 

+ AP + B P 2 (4) 

Where νD 
(0) represents the position of the D line in diamond in 

the absence of any pressure (1330 cm-1), A = 2.83 [1/(cmGPa)] and 

B = −3.65 × 10 −3 [1/(cmGPa)] [48] . Because B is negative, the actual 

displacement of the position of the D line is negative if A < 2BP 

and positive for A > 2BP. Hence, for very small pressures, the ac- 

tual position of the D line is displaced to smaller values than that 

of the free diamond). A similar mechanism in VGCNF may even- 

tually explain the unexpected sign of the displacement o the line 

positions for both D and G lines. 

1 The behavior of actual polymer-based nanocomposites. Some 

recent studies focused on the correlation between the elastic 

features of polymer nanocomposites (as shown by the stress- 

strain dependence) and the parameters of the Raman lines. For 

graphene and graphene dispersed within polymethylmethacry- 

late (PMMA), the positions of the G and 2D lines were demon- 

strated to be displaced towards lower values as the applied 

strain was increased [8] , thus supporting our results. The nicest 

example comes from the combined Raman and mechanical in- 

vestigation of SWCNTs dispersed within PMMA that demon- 

strated that for the G line, the increase of stress/strain ap- 

plied to the nanocomposite results in a displacement down- 

wards of the position of the G band (for small strains and 

within the linear elastic range) (see Fig. 5 of [28] ). Within th 

ultimate strength domain the position of the G line starts to 

be displaced weakly upwards as the strain is increased. For- 

mally this supports a non-linear dependence of the Raman 

line position on strain, somehow analogous to the previous 

scenario. 

The changes revealed by the Raman investigations of the ef- 

fect of irradiation by gamma rays or loading with VGCNFs on the 

Raman lines assigned to the nanofibers are supported by the Ra- 

man data originating from the polymeric matrix. It was reported 

[23] that the main Raman lines originating from the polymeric ma- 

tric (iPP) were also displaced towards a smaller wavenumber, indi- 

cating that the strain of the polymeric matrix is enhanced by irra- 

diation. The competition between the irradiation generated modi- 

fications of the Raman spectra (positions) and the effect of load- 

ing with VGCNFs was also noticed from the study of the Raman 

analysis of the lines originating from the polymer. A slightly larger 
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Fig. 5. The dependence of the width of the D band (originating from VGCNF dispersed within iPP) on: UPPER PANEL the loading by VGCNF at various integral doses and 

LOWER PANEL the integral dose for various loadings with VGCNFs. 

strain was reported [23] within the amorphous domains, based on 

the Raman displacement. 

A sudden change in the dependence of the shift of Raman line 

positions as a function of integral dose for samples loaded by 10 

and 20% VGCNF was noticed and eventually related to the swift 

deterioration of the nanocomposite. Based on existing literature 

data, the transition involves shifts of the order of 20 cm 

−1 (for 

the D line), corresponding to a strain of about 2.5%. Assuming for 

nanofibers a Young modulus of 0.2 TPa [49] , the estimated stress 

acting on the VGCNF is of the order of 5 MPa. 
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Fig. 6. The dependence of the width of the G band (originating from VGCNF dispersed within iPP) on UPPER PANEL the loading by VGCNF at various integral doses and 

LOWER PANEL: the integral dose for various loadings with VGCNFs. 
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Fig. 7. The dependence of the ratio S D /S G for VGCNF dispersed within iPP on UPPER PANEL the loading by VGCNF at various integral doses and LOWER PANEL:the integral 

dose for various loadings with VGCNFs. 
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