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Abstract Poly(ethylene terephthalate) nanocomposites

reinforced with 1 wt% of nanodiamond terminated with

carboxylic groups or nanodiamond and 0.3 wt% nano-

graphene platelets were prepared by simple melt blending

in a twin-screw extruder to create high-performance poly-

mer nanocomposites for application in high radiation

environments. A study of structural modifications intro-

duced by high-energy, 3 MeV proton beam irradiation of

poly(ethylene terephthalate) and its nanocomposites was

conducted using attenuated total reflectance Fourier trans-

form infrared and Raman spectroscopy, differential scan-

ning calorimetry, and photoluminescence measurements. It

was shown that the composite materials containing small

concentrations of nanodiamonds or nanodiamonds plus

nanographene platelets exhibit improved radiation resis-

tance compared with neat poly(ethylene terephthalate)

exposed to proton irradiation under the same irradiation

conditions. The nanocomposites containing the combina-

tion of nanodiamonds and nanographene platelets exhibited

the highest stability. Nanofillers, particularly nanographene

platelets, stabilized the amorphous phase and increased the

crystallinity of polymer matrix exposed to proton irradia-

tion, preserving polymer conformation, molecular weight

distribution, and overall thermal properties of irradiated

nanocomposites.

Introduction

Poly(ethylene terephthalate) (PET) films have attracted

major industrial interest due to their ample range of

applications, low cost, and wide availability. PET has good

mechanical properties, chemical resistance, thermal sta-

bility, high transparency and flexibility, light weight, low

gas permeability (especially to oxygen, carbon dioxide, and

water vapor), and the ability to be spun in the form of fibers

[1]. Therefore, it is commonly used in packaging and fiber

applications (beverage bottles, textiles, engineering plastics

in automobiles, etc.), as well as in the electronics industry

(electric parts, transparent substrates for flexible electric

devices such as organic light-emitting diodes (OLED’s),

solar cells, etc.), and the biomedical industry (human

implants such as vascular grafts, prosthetic heart valves,

and for endothelial cell growth) [2, 3]. PET is a thermo-

plastic, long chain polymer. It is either in the amorphous

state or semi-crystalline state, which means it consists of

amorphous and crystalline phases. Its properties depend

mainly on the degree of orientation of the polymer chains

as well as the level of crystallinity. The extent of crys-

tallinity of PET depends on its process and thermal history.

Polymers with a high degree of crystallinity have a higher

glass transition temperature, Tg, higher modulus, tough-

ness, stiffness, tensile strength, and hardness, and are more

resistant to solvents, but have lower impact strength [4, 5].

Compounding of polymers with different fillers is a

common and versatile approach to acquiring new desirable

properties at a favorable cost/performance ratio. Conven-

tional fillers have been used to improve polymer properties
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(e.g., decreasing oxygen permeability in food packaging,

increasing flame resistance in textiles, increasing the

modulus in injection molded parts, etc.) and to reduce cost.

However, there are limitations in their application due to

phase separation, particle agglomeration, and heteroge-

neous distribution of the filler in the product [6]. Polymer

nanocomposites are mixtures of polymer and nanometer-

length-scale particles, whereas, conventional polymer

composites contain micrometer scale particles. Polymer

nanocomposites have attracted a great deal of interest in

the scientific and industrial fields because of the remark-

able improvements achieved in their physical and

mechanical properties at very low filler loadings [7–9]. The

introduction of various kinds of additives is performed to

adjust polymer properties for specific applications. Due to

the extensive and still-growing use of polymeric materials

for the variety of technological applications listed above,

the study of the stability and stabilization of polymers

under irradiation has become an important issue. Knowl-

edge of the filler’s influence on the polymer’s properties

under irradiation, however, remains limited. Radiation-re-

sistant polymers can be advantageously used in the man-

ufacture of scintillators, medical devices, and structures

used in space or any other high irradiation environment.

There have been numerous reports on radiation-induced

modifications of PET. The studies on the effects of irra-

diation by various energetic ions on the physical properties

of PET have been reported by Mishra et al. [10], Bridwell

et al. [11], Keiji et al. [12], Singh et al. [13, 14], Fink et al.

[15], etc. They studied its modified physical–chemical

properties by exposing it to swift photo ions of protons as

well as swift heavy ions as varied as helium, lithium,

boron, carbon, nitrogen, silicon, etc. According to the study

by Singh et al. on the modification of PET by proton

irradiation [14], there is no significant change in the sta-

bility of the polymer up to the fluence of l014 ions cm-2.

FTIR spectra indicated that PET was chemically degraded

at the highest proton fluence used in their study, i.e., 1015

ions cm-2. Furthermore, Singh et al. also studied the

electric and thermal behaviors of proton-irradiated poly-

meric blends [14].

The use of PET under severe conditions requires that its

various physical properties, such as optical, thermal,

mechanical, and barrier properties, should be enhanced.

Hence, considerable effort has been devoted to improving

the various physical properties of PET through mixing it

with different nanofillers, both organic and inorganic [16].

Carbon nanotubes (CNTs) have been the most explored

carbon-based nanomaterial used as a filler material in a

PET matrix. Kim et al., Tzavalas et al., and Liu and Kumar

studied crystallization behavior, mechanical properties,

thermal behavior, etc., of PET-multiwall carbon nanotube

(MWCNT) nanocomposites [17–19]. Wang et al. studied

polymers containing fullerenes or carbon nanotube struc-

tures [20].

This is for the first time to the best of our knowledge that

nanodiamond (ND) and nanographene platelets (NGPs)

have been introduced as fillers in the PET polymer matrix

with the goal of achieving higher proton radiation

resistance.

Nanodiamond, produced by detonation (DND) synthesis

in large volumes is a relatively inexpensive carbon nano-

material for a broad range of potential applications,

including composites [21]. Superior hardness and thermal

conductivity of the diamond core is combined in nanodi-

amond powders with large accessible surface area covered

by readily tailorable surface functional groups.

In our previous works [22–25], it was shown that

nanodiamond–polydimethylsiloxane (ND–PDMS)-based

nanocomposite materials exhibit enhanced stability against

high-energy proton irradiation compared to pure PDMS

[25]. The appearance of strong photoluminescence (PL)

following irradiation, more pronounced for PDMS–DND

composites compared to pure PDMS, was reported. The

findings suggested the broad application of polymer com-

posites containing ND particles in spacecraft materials,

such as the material for irradiation-dose determination for

spacecraft or aircraft flying at high altitudes through

changes in the PL intensity.

Graphene is particularly valuable because it has excep-

tional electric, mechanical, thermal, optical, and barrier

properties. Improvements in mechanical and electric

properties of polymer composites of graphene are much

greater than those of composites of clay or other carbon-

based fillers [9, 26]. Although carbon nanotubes (CNTs)

and graphene show comparable mechanical properties,

graphene is reported to be a better nanofiller than CNT in

terms of certain aspects such as thermal and electric con-

ductivities [27]. Zhang et al. prepared PET/graphene

nanocomposites by melt mixing with the aim of charac-

terizing their gas permeability and mechanical properties.

It was reported that PET composite films containing 2 wt%

of a few graphene layers showed more than 70 % decrease

in N2 gas permeation and 10–21 % increase in modulus,

[28].

In this work, we introduced NGP, with multifunctional

properties into a PET matrix forming a PET–ND–NGP

composite to further enhance thermal conductivity and

thermo-oxidative resistance of the resulting composite

material. As our intention was to keep the electric prop-

erties of the nanocomposite the same as the neat PET, we

introduced just a small percentage of NGPs into the PET

matrix (0.3 wt%) combined with highly dielectric NDs.

A ND loading of 1 wt% was chosen since it is a concen-

tration where the best mechanical\thermal properties were

achieved for ND composites in many previous works
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(including ours). At higher concentrations, aggregates are

formed which cause degradation of the composites prop-

erties. In the ND\NGP composite, one goal was to deter-

mine if there are any synergistic benefits as has been

reported previously [29].

Processability of composites is a key consideration (not

raising the viscosity of the composites to too high values

and avoiding agglomeration of the nanoadditives). It is also

known that sub-1 wt% of nanographene provides notice-

able improvements in the properties. Thus, based on the

previous works where mechanical\thermal properties are

improved and nanoadditives were relatively well dispersed,

we chose 1 wt% of ND and 0.3 wt% of NGP.

In this article, we present a study of structural modifi-

cations introduced by high-energy, 3 MeV, proton beam

irradiation of PET- and PET-carbon-based nanocompos-

ites. We show using attenuated total reflectance Fourier

transform infrared (ATR-FTIR), Raman, differential scan-

ning calorimetry (DSC), and photoluminescence (PL)

measurements that the composite materials, PET–ND and

PET–ND–NGP, exhibit improved radiation resistance

compared with pure PET exposed to proton irradiation

under the same irradiation conditions.

Materials and methods

PET–nanodiamond (PET–ND) and PET–

nanodiamond–graphene nanoplatelet (PET–ND–

NGP) composites fabrication

Commercially available PET (Polyclear 1101 q, IV,

intrinsic viscosity 0.83 dL g-1) from Indorama Ventures,

and carbon-based nanocomposites of the PET were melt-

cast using a twin screw extruder at the North Carolina

Polymer Center of Excellence to a thickness of about

150 lm. The as-received PET was in the form of pellets on

the order of a few mm in diameter. The pellets were

reduced by grinding to a powder. The nanomaterials were

introduced into the powder, and the mixture was subjected

to further grinding/mixing. The nanofiller containing PET

powder underwent additional mixing in the twin screw

extruder under shear above the softening temperature of the

polymer. This method has several advantages over other

methods: this method does not require a solvent. A suitable

solvent in which to disperse the nanoparticles which is also

a solvent to PET is difficult to identify. The residence time

at high temperature during extrusion is shorter than that in

the case of in situ polymerization. This approach could be

used for the production and processing techniques imple-

mented on commercial scale.

Nanodiamond used in this study was prepared as pre-

viously reported [21]. For this study, NDs with *100-nm

particle size with a large fraction of 30-nm particles ter-

minated with carboxylic groups was prepared. The intro-

duction of carboxylic groups on the surface of the

nanoparticle as a result of acid treatment leads to enhanced

interaction between the NDs and the polymer matrix

through hydrogen bonding. The thermal stability,

mechanical, and rheorogical properties of PET nanocom-

poistes are dependent on the interfacial interactions

between the PET and the functionalized ND as well as the

dispersion of the nanoparticles.

The functionalized ND may also help in the dispersion

of NGP by reducing the p–p stacking among the aromatic

rings of the graphene nanoplatelets, which leads to the

formation of the aggregates. The NGPs were purchased

from Angstrom Materials (product number N006-010-P).

The NGPs have average x and y dimensions of 14 lm and

z dimension of 10–20 nm.

Proton irradiation conditions

Samples of pure PET, PET–ND, and PET–ND–NGP

nanocomposites were irradiated in vacuum by means of a

3-MeV proton beam that was delivered by the 1.0 MV

Tandetron accelerator at the Rud̄er Bošković Institute,

Zagreb, Croatia. A homogeneous circular beam of 5 mm in

diameter was used. Irradiations with a 40-nA proton beam

current were carried out for all samples. Samples of PET

and PET nanocomposites were irradiated in three areas

with different fluences ranging from 1014 protons cm-2 to

1016 protons cm-2. The fluence corresponding to region 1

(D1) is 1014 p cm-2, that to region 2 (D2) is 1015 p cm-2;

and that to region 3 (D3) is 1016 p cm-2. All irradiations

were performed at the room temperature.

Characterization of pristine and irradiated films

The characteristics of the proton beam-induced changes in

pristine PET and PET nanocomposites were analyzed using

ATR-FTIR and Raman spectroscopy, DSC, and PL mea-

surements. The ATR-FTIR spectra were recorded using an

ABB Bomem MB 102 spectrometer. The spectra of pure

PET as well as PET–ND and PET–ND–NGP nanocom-

posites were recorded over the frequency range of

600–3200 cm-1 using Specac’s Golden Gate Single

Reflection Diamond ATR System with a ZnSe lens. The

spectra were collected with a resolution of 2 cm-1 by

combining the results of 10 scans. A reference spectrum

was collected before each measurement.

Raman spectra were recorded on a Horiba Jobin–Yvon

T64000 instrument equipped with the Olympus open

microscope stage and CCD Symphony detector. The

spectrometer was operating in the triple subtractive mode

during the acquisition of spectra. The 514.5-nm line of a
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Coherent INNOVA-400 argon ion laser was used for

excitation. Spectra were recorded from 50 to 3100 cm-1.

The laser power used to measure the Raman spectra was 20

mW at the sample.

For the DSC measurements, *2 mg sample films were

used. In the case of irradiated samples, regions were cut out

from each film in such a way as to ensure the highest

possible homogeneity. Samples were put in Al pans and

their thermograms recorded in a nitrogen atmosphere on a

Perkin-Elmer Pyris Diamond DSC instrument. Two heat-

ing–cooling cycles were performed for each sample in the

temperature range of 50–300 �C, at a rate of 20 �C min-1.

The PL spectra of the samples were recorded at room

temperature on a GWTech diffraction grating spectrometer,

using a 405-nm diode laser (the laser power was 0.5 mW).

The laser beam was focused to a 30–40-lm diameter. The

acquisition times of the PL spectra were the same for all

samples (150 ms).

Results and discussion

FTIR analysis

Pristine nanodiamond and graphene nanocomposites

FTIR spectroscopy is one of the most powerful among the

qualitative and quantitative methods applied for studying

molecular bonding and functional group analysis. The

vibrational bands in the FTIR spectra of PET give dual

information. First, every peak position is fundamental to

the molecular bonding or existing functional groups.

Therefore, any shift in peak position in a spectrum directly

reflects a change in bond strength or bond angle. Such a

change is highly probable in a complex structure as in the

case of PET. This means any change in the network

structure of PET directly influences some of the functional

groups (=CO, –CHO, –OH, etc.) of the material. Such

interactions either weakens or strengthens bonding which

corresponds to a shift of the wave number of the corre-

sponding absorption peak to lower or higher values,

respectively. The absence of a particular molecular bond

relates to scission of a particular bonding structure. Sec-

ondly, variation in intensity of a particular peak in a

spectrum correlates primarily to the concentration of the

corresponding functional group in the material. However,

the intensity of some absorption peaks may also vary due to

crystallization.

FTIR spectroscopy was used to examine and monitor the

changes introduced by the incorporation of the carbon-

based nanofillers into the PET polymer matrix as well as

changes produced by different fluences of high-energy

proton irradiation of neat PET and PET nanocomposites.

To elucidate the structural effects of incorporating different

carbon-based nanofillers into the PET matrix, FTIR spectra

of pristine (nonirradiated) PET and pristine PET

nanocomposites were acquired. The aim was to reveal

possible interactions/changes in the PET matrix induced by

the incorporation of ND or ND and NGP. Further, FTIR

spectra of proton-irradiated samples were acquired and

compared with the spectra of the unirradiated samples to

gain insight into radiation-induced changes in PET and

PET nanocomposites.

The spectrum of nanodiamond functionalized with

carboxylic groups used in our study was reported and

discussed previously [30]. Although the vibrational bands

in the FTIR spectrum of pure PET have been reported

previously [30–33], Table 1 presents the assignments of

the bands according to the published literature again here

for ease of comparison. The spectra of pure PET and

PET nanocomposites are presented in Fig. 1 for

comparison.

As it can be seen from Fig. 1 the FTIR spectra of pure

PET, PET–ND, and PET–ND–NGP do not show any

obvious differences in peak positions and intensities.

Addition of ND and ND–NGP nanofillers did not signifi-

cantly modify the shape of the vibrational spectra of the

PET matrix and no new vibrational bands were detected.

According to these results, the addition of nanofillers did

not appear to significantly change the polymer matrix. For

such a small concentration of nanoparticles, FTIR’s sen-

sitivity may not be high enough to identify hydrogen

bonding between ND and the matrix material.

The trans conformation of oxygen atoms in the glycol

segment (–O–CH2–CH2–O–) [34] and the trans planar

conformation of the terephthalate groups are associated

with PET crystallization. This combination presents a near

linear arrangement of the polymer chain, permitting closer

packing and development of crystalline regions. So in the

crystalline phase, the ethylene glycol segment has a trans

conformation with ordered terephthalate groups. The

gauche glycol and cis-terephthalate (disordered terephtha-

late units) conformations lead to an amorphous structure. In

most cases, though, the two structures seem to coexist

within the amorphous part of a PET sample; a completely

disordered amorphous structure and an ‘‘intermediate’’

amorphous structure [35]. Thus, PET is better described by

a three phase model comprising: (a) crystalline phase

constituted exclusively of the trans conformation (b) an

‘‘intermediate’’ phase consisting of the trans conformation

that does not belong to the crystalline phase and some

gauche conformation, and (c) a third completely disordered

phase which contains mainly the gauche conformation.

One of the well-documented methods for characterizing the

chain conformation and crystallinity is the vibrational

spectroscopy.
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For PET, there are several infrared bands that can be

linked to the polymer structure and orientation [35, 36].

These bands can be used to differentiate the trans- and

gauche-rotational isomers of PET, which can further be

correlated to polymer crystallinity. The crystallinity in PET

is usually induced by thermal crystallization and/or by

stress- or strain-induced crystallization [37]. For example,

the absorption bands at 1042 and 898 cm-1 are indicative

of the gauche- isomer and the 973 and 850 cm-1 bands are

indicative of the trans- conformation [36]. The bands have

been assigned to the ethylene glycol linkage, which is the

O–CH2–CH2–O section within the polymer chain. Molec-

ular orientation can be extracted from the 973 cm-1 band.

Orientation-specific data can also be extracted from dif-

ferent chemical moieties within the polymer chain. The

874 cm-1 band, attributed to the C–H out-of-plane defor-

mation of the benzene ring in the terephthalate group, is

also sensitive to molecular orientation [35]. Thus, by using

FTIR it is possible to identify bands characteristic of the

amorphous and crystalline phase. Furthermore IR confor-

mational bands can be used to follow the PET

crystallization process as well as to assess the presence of a

crystal phase in starting samples [38]. The usual method to

quantitatively compare the crystal fraction in films, which

was used in this study, is to compare the integrated

intensities of the trans-glycol conformation band at

1340 cm-1 (I1340) with the integrated intensity of a refer-

ence band that is unaffected by conformational changes of

the monomeric unit. It can be used to normalize the

spectral bands of PET [39]. The PET band at 1410 cm-1,

which is associated with the ring in—plane deformation, is

assumed to be such a band. The absorption band at

1370 cm-1 represents the gauche conformation band.

So, to analyze the FTIR spectra we performed fitting of

the vibrational bands in the frequency region

1300–1450 cm-1 to a Lorentz shape. The ratio of the

integrated intensities I1340/I1410 and I1372/I1410 represent the

fraction of the glycol segment in trans and gauche con-

formations, respectively, in pristine PET and PET

nanocomposites. The results of the analysis for PET and

PET nanocomposites are presented in Table 2 for both

nonirradiated and irradiated samples for the sake of clarity

Table 1 Assignment of the

vibrational bands in the

spectrum of PET [31–33]

IR (cm-1) Assignment

2956 vw CH2 stretching

2925 vw CH2 stretching

2852 vw CH2 stretching

1714 s C=O stretching

1615 vw C=C stretching (ring)

1578 vw C–C stretching (ring)

1505 vw C–C stretching (ring)

1455 vw CH2 scissoring

1443 vw CH2 scissoring

1410 w C–C stretching (ring)

1370 vw CH2 wagging (gauche)

1340 vw CH2 wagging (trans)

1282 sh,m C–C stretching (ring) and C–O stretching

1257 sh,m C–C stretching (ring) and C–O stretching

1238 s C–C stretching (ring) and C–O stretching

1175 w CH in-plane bend (ring)

1116 m CH in-plane bend (ring) and C–O stretching

1092 s CH in-plane bend (ring) and C–O stretching

1041 w C–C stretching (glycol)

1016 m CH in-plane bend (ring)

973 vw C–H out-of-plane bending

898 vw CH2 rocking

874 w CH out-of-plane bend (ring)

841 vw C–C stretching (ring breathing)

795 w CH out-of-plane bend (ring)

723 s CC in-plane bend (ring) and CH out-of-plane bend (ring)

s strong, m moderate, w weak, v very, sh shoulder
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and ease of comparison. The analysis indicates a slightly

higher fraction of the trans conformation in both

nanocomposite materials (0.330 in PET versus 0.360 in

PET–ND and PET–ND–NGP composites) with almost the

same fraction of the gauche conformation in all the sam-

ples (see Table 2). However, analysis showed some small

changes in trans/gauche fractions indicating that func-

tionalized NDs probably interact with PET mainly via van

der Waals interactions. The nanoparticles may serve as

nucleating agents increasing (slightly) the crystalline phase

content of the polymer matrix. But fast cooling during the

material production did not allow the crystallization pro-

cess to proceed as far as may be possible with a slower

cooling rate.

Proton-irradiated PET and PET carbon-based

nanocomposites

Ionizing radiation produces various reactive species in

irradiated matter with free radicals and ions being the most

important. Free radicals lead to chain reactions resulting

either in crosslinking and/or degradation. The structure of

the polymer chain and linear energy transfer (LET) of

radiation are the most important factors that determine the

impact on the solid polymer. Chemical bonds are formed in

case the free radicals react by termination. If the radicals

are on separate polymer chains, then crosslinking results.

Other sequences of reactions lead to chain scission, for-

mation of double bonds, or oxidation, if irradiation is

performed in the presence of air. Degradation occurs if the

polymer consists of saturated (single) carbon–carbon bonds

or heteroatoms are present in the main polymer chain.

Crosslinking results if unsaturated bonds (double, triple

carbon–carbon bonds) are present. Although PET belongs

to the first group of polymers, the presence of aromatic

rings greatly improves its radiation stability.

Radiation-induced chain scission and crosslinking pro-

duce changes in the polymer chemical bonding, crys-

tallinity, and molecular weight. The amorphous phase of

semicrystalline polymers like PET is more radiation sen-

sitive than the crystalline phase. Breaking of bonds and

formation of shorter polymer chains may ease crystalliza-

tion and increase the overall crystallinity while crosslinks

present an obstacle to crystallization. Although the crys-

talline phase is less sensitive to radiation, the breaking of

bonds and the rearrangement of the polymer structure

around the ion path results in lattice deformations along the

path of the ion. As a result, crystallinity is disturbed, and

the quality of crystallites decreases.

The projected range of a 3-MeV proton beam in PET

was calculated to be 112 lm using SRIM-2000 code. It

was found that 99.94 % of the energy is lost due to elec-

tronic interactions [14]. It is of interest to monitor and

compare the modifications of the physical–chemical
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Fig. 1 FTIR spectra of unirradiated PET and PET nanocomposites.

The spectra were recorded over the frequency range 600–3200 cm-1

Table 2 The fraction of glycol

segment in the trans

conformation I1340
I1410

, gauche

conformation I1370
I1410

and the trans-

gauche fraction for all the

samples I1340
I1370

, pristine D0, and

proton irradiated under D1, D2,

D3 fluence condtions

PET PET–ND PET–ND–NGP

D0 D1 D2 D0 D1 D2 D0 D1 D2 D3

I1340
I1370

0.330 0.760 1.080 0.360 3.188 6.010 0.360 0.380 6.260 6.460

I1340
I1410

0.139 0.305 0.566 0.150 0.724 1.024 0.153 0.181 0.892 1.111

I1370
I1410

0.422 0.396 0.523 0.420 0.227 0.170 0.428 0.453 0.146 0.172
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properties of PET and PET nanocomposites exposed to

high-energy radiation. FTIR spectra for proton-irradiated

PET samples at different fluences along with the spectra for

the unirradiated sample have been compiled into composite

graphs for ease of comparison. Figure 2 shows the FTIR

spectra in the region from 600 to 1800 cm-1 (a), and from

2600 to 3200 cm-1 (b), the regions of interest, of the

nonirradiated PET sample and PET samples with succes-

sively higher proton irradiations. Spectra noted as D1 are

the spectra of PET samples irradiated with the fluence of

1014 p cm-2, D2—1015 p cm-2 and D3—1016 p cm-2.

At a proton fluence of 1014 p cm-2, all of the charac-

teristic vibrational bands were preserved except changes in

intensity in the spectra were observed. This indicates that

the overall polymer structure remains unchanged. The

result is consistent with the findings of Singh et al. [13]

who reported that PET is resistant to radiation-induced

damage at least up to a fluence of 1014 p cm-2. However,

with increasing fluence, D2 and D3, significant changes in

the structure of the pure PET polymer were observed. The

further decrease in intensity and broadening of the bands

suggest an evolution of the polymer toward a more disor-

dered state and a change in the degree of crystallinity.

Under the highest fluence (D3), all the vibrational bands

almost completely disappear, indicating chain breaking and

amorphization, while a new band at 1605 cm-1, attributed

to monosubstituted benzene, appears [40, 41]. These find-

ings suggest very significant changes in the structure of

PET at the highest fluence, 1016 p cm-2, and consequently

in material properties. Loss of crystallinity, amorphization.

and degradation are prominent for pure PET at this fluence.

Figures 3 and 4 show for comparison the spectra of

nonirradiated and irradiated nanocomposites of PET–ND

and PET–ND–NGP under the three selected fluences.
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PET–ND nanocomposite (Fig. 3) and pure PET (Fig. 2)

clearly show different behaviors under exposure to high-

energy proton irradiation.

It is obvious that the decrease in the intensity of vibra-

tional bands following irradiation is lower in the nanocom-

posites than in pure PET. While the intensity of the main

vibrational bands in pure PET decreased almost in half with

every next higher step in proton fluence, that tendency was

suppressed in both nanocomposites, especially in the case of

the PET–ND–NGP nanocomposite.Moreover, it can be seen

in Fig. 3 that the absorption bands of the gauche confor-

mations at 1370 cm-1, trans conformations at 1340 cm-1

and the band at 1410 cm-1 show interesting and different

behavior than in irradiated pure PET. It is obvious (Fig. 3)

that the gauche conformation band decreased with the

increasing fluence, while at the same time, the trans con-

formation band increased in intensity. The intensity of the

band at 1410 cm-1 also did not change as much as in pure

PET (see Fig. 2). The band at 874 cm-1, attributed to the C–

H out-of-plane deformation of the benzene ring in the

terephthalate group, was almost unchanged for samples

irradiated to fluencesD1 andD2, while the band at 975 cm-1

attributed to the trans C–H out-of-plane bending became

more prominent with higher fluence.

Both bands are attributed to the trans conformation of

the CH2 groups in the crystalline (or ordered amorphous)-

phase regions in PET. Furthermore, the shift of the ring

band from 1175 cm-1 in PET–ND to 1182 cm-1 showed a

planar conformation of the ring—ester segment character-

istic of a crystalline phase. Similar behavior was observed

for the PET–ND–NGP nanocomposite (Fig. 4), supporting

the trend toward increased ordering in nanocomposite

materials under proton irradiation for fluences as high as

1015–1016 cm-1 (for PET–ND–NGP).

These findings suggest an increase in crystallinity in the

region irradiated with 3 MeV protons for nanocomposite

PET–ND, while the same was not so evident in the case of

pure PET. In the case of the nanocomposite, it is still

possible to clearly recognize all of the main vibrational

bands even at the highest fluence, although the bands are

less intense and broader. It is an indication that the pres-

ence of the nanoparticles increased the material tolerance

toward proton irradiation. The new vibrational band at

1605 cm-1 attributed to monosubstituted benzene

appeared, while the band at 723 cm-1 split into three 710,

730, and 754 cm-1. Since the band at 730 cm-1 is assigned

[40, 41] to out-of-plane bending of the benzene ring, and

the band at 754 cm-1 band to benzene ring vibrations, the

splitting may be associated with differences in the force

field between amorphous and crystalline regions and also

with the chain conformation around the glycol ester con-

figuration. However, when subjected to the highest fluence

the bands at 1410 and 1340 cm-1 are starting to disappear,

indicating changes in the surrounding ring and possible

carbonization.

FTIR spectra of nonirradiated and proton-irradiated

PET–ND–NGP nanocomposite samples are presented in

Fig. 4. A comparison of the spectra of the samples irradi-

ated to fluences D1 and D2 versus the nonirradiated sample

show almost unchanged characteristic vibrational bands.

The intensities and the peak positions for the strongest PET

bands at 1714 and 1238 cm-1 (stretching vibration in the

ester linkage) and 723 cm-1 (CC in-plane bend ring and

CH out-of-plane bend, ring) are almost the same as for the

nonirradiated sample. The band at 795 cm-1 (CH out-of-

plane bend, ring) is stable under fluences D1 and D2 as

well as D3. The 1092 cm-1 band (CH in-plane bend plus

C–O stretching) slightly decreased for D2. As illustrated in

Fig. 4, vibrational bands at 975 and 1340 cm-1 attributed

to the trans conformation of the CH2 groups in the
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irradiation. a Pure PET–ND–NGP nonirradiated (no label) and
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region a 600–1800 cm-1 and b in region 2600–3200 cm-1
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crystalline region increase in intensity with the increasing

fluence, while the intensity of the peak at 1370 cm-1

(gauche conformation attributed to the amorphous phase)

decreases.

Even in the spectra of the nanocomposites irradiated to

the highest fluence, D3, all the main characteristic bands of

PET are still present with no changes in peak position. The

intensity of the bands decreased although bands attributed

to the trans conformation are still visible. This implies that

proton irradiation caused additional crystallization of the

starting material. The vibrational bands at 1605 cm-1 and

splitting of the line at 723 cm-1 that were observed for the

PET–ND nanocomposite were not detected in the spectra

of the PET–ND–NGP nanocomposite. The PET–ND–NGP

nanocomposite showed the highest degree of irradiation

resistivity compared to pure PET and the PET–ND

composite.

Previous analysis of the PET and PET nanocomposites

spectra has shown the evolution of the trans conformation

with incorporation of nanostructures for nonirradiated

samples (Table 2). To compare the spectra of irradiated

samples, we fit the vibrational bands in the frequency

region (1300–1450 cm-1) of pristine PET and the PET

nanocomposites to a Lorentz shape. The fractions of glycol

segments in trans and gauche conformations in pristine and

irradiated PET, PET–ND, and PET–ND–NGP nanocom-

posites are tabulated in Table 2. Analysis of the fractions

provide evidence of the development of the trans confor-

mation under D1 and D2 irradiation even in pure PET. The

progressive intensity increase of the band at 1340 cm-1,

due to the trans glycol conformation, and the correspond-

ing decrease of the band at 1370 cm-1, due to the gauche

conformation, suggest the conversion of gauche into trans

conformations as a result of proton irradiation. For samples

irradiated to the fluence D3, the analysis was possible just

for the the PET–ND–NGP nanocomposite where the

absorptions bands corresponding to the presence of the

trans and gauche conformations are still measurable. The

evolution may also be connected with increased crys-

tallinity or development of a more-ordered phase in irra-

diated samples.

The intensity of the band at 1410 cm-1 also changed as

a result of proton irradiation. At fluence D2, the band

intensity decreased for pure PET by 69 %, for PET–ND by

36 % and for PET–ND–NGP by 19 %. These trends sug-

gest that the presence of the nanofillers may aid in pre-

serving the ring structure. The process appears especially

favored in the case of the PET–ND–NGP nanocomposite,

which seems reasonable as the nanographene platelets have

a similar ring structure as the starting PET polymer. The

good thermal conductivity of graphene may contribute

toward nanocomposite stability. Both ND and NGP may

also act as traps/sinks for radiation-generated defects and

free radicals helping to stabilize the polymer under high-

energy/fluence irradiation.

Raman analysis

Recently, we have reported and discussed in detail the

Raman spectra, as well as thermal and mechanical prop-

erties, of all pristine samples [42]. In this section, we

present the analysis of Raman spectra of proton-irradiated

samples in Fig. 5. It should be noted that the interpretation

of the Raman spectra was only possible for the samples

irradiated to the fluence D1 or D2 due to generation of

irradiation-induced fluorescence (background). In the case

of the D2 fluence, the Raman spectra of PET–ND and

PET–ND–NGP were observed. PET irradiated to the flu-

ence D2 as well as PET–ND irradiated to the fluence D1

showed a high background, overwhelming the Raman

signal. The appearance of strong photoluminescence (PL)

following irradiation was reported previously for nanodi-

amond and nanodiamond-based nanocomposites [24].

In the Raman spectrum of PET, the bands centered at

633 and 1615 cm-1 have been related to ring vibration

modes. The normal mode at 633 cm-1 is CCC in-plane

ring bending, while the very strong band at 1615 cm-1 is

connected to C=C ring stretching vibrations. The Raman

band at 1730 cm-1 is related to the C=O stretching mode.

Proton irradiation of PET to the fluence D1 causes changes

in intensities of ring vibration modes (scission of rings),

whereas the intensity of the carbonyl stretching bond only

slightly decreased. Further, the band at 1730 shifts to

1724 cm-1 due to changes in conformation of C=O groups

which we associate with crystallization of terephthalate

segments [42].

In the case of PET–ND, the Raman spectrum before and

after irradiation exhibits a higher background. Yet it was

still possible to recognize the decrease in the intensity of

the 1615 band in comparison to the 1730 cm-1 band,

showing that even in this sample, high-energy proton

irradiation (D2) causes some ring scission.

However, it can be recognized from the PET–ND–NGP

Raman spectra that the intensities of the bands remain the

same under the D1 fluence. Just for that sample, it was

observed that even the D2 fluence does not change sig-

nificantly the intensities of the characteristic bands.

So, Raman analysis supports the FTIR finding that the

addition of ND/NGP fillers preserves the polymeric struc-

ture of PET during high-energy proton irradiation.

DSC thermal analysis

Thermal analysis was conducted since it provides addi-

tional data on polymer properties, particularly semicrys-

talline polymers like PET. Changes in temperature and
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heats of transformation arise due to structural changes in

the polymer and the heat of melting is proportional to the

degree of crystallinity.

DSC tests were performed to reveal differences in the

thermal behavior between pristine and irradiated PET and

PET nanocomposites as well as to gain information about

the irradiation-induced changes in the crystallinity of the

materials. To distinguish the effects of incorporating dif-

ferent carbon-based nanofillers into the PET matrix from

those of proton irradiation, thermal analyses of the pristine

PET polymer and of nonirradiated nanocomposite samples

were performed under the same experimental conditions.

DSC tests were performed on virgin, nonirradiated samples

and just for irradiated regions D1 and D3 (irradiated

regions of the samples were cut out from the rest of the

sample).

DSC analysis for pristine PET, nanodiamonds,

and graphene PET nanocomposites

DSC thermograms of the first heating, the first cooling and

the second heating of pristine nonirradiated PET and PET–

ND nanocomposites are presented in Fig. 6. All the data on

transformation heats and temperatures are listed in Table 3.

In all thermograms of the first heating (Fig. 6, top), three

transformations can be seen: glass transition, Tg, at about

70 �C, cold crystallization, Tcc at about 130 �C and melt-

ing, Tm at about 245 �C. In semi-crystalline polymers, cold

crystallization is an exothermic process of crystallization

that for various reasons does not occur during the cooling

from the melt [43]. The part of the amorphous phase that

crystallizes is mostly the ordered amorphous phase also

called the rigid amorphous phase (RAF) [44]. The ordered

amorphous phase appears because the arrangement of long

polymer chains and crystal formation upon cooling is

hampered by the increasing viscosity of the cooling melt.

As a result, parts of the same polymer chain may be

included in both the crystalline and amorphous phases.

Such molecules are called tie molecules because they

connect amorphous and crystalline phases and form an

interface with lower entropy than the rest of the amorphous

phase. The dimensions of the ordered amorphous phase are

such that it can be considered to be a nanophase. The

ordered amorphous phase is prominent in polymers that

contain rigid chain segments, like benzene rings in PET.

Inefficient nucleation and/or spatial restraints to chain

folding may also contribute. As a result, polymers like PET

in fact have three phases: crystalline, ordered amorphous,

and mobile amorphous phases as was already mentioned.

This multiple phase composition results in specific thermal

behavior and broadly influences all the polymer properties.

Upon heating above the glass transition temperature, the

molecules trapped in the ordered amorphous phase attain

enough energy to crystallize but the resulting crystals are of

lower quality than those produced by the initial crystal-

lization from the melt. Further heating causes complete
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fusion of the crystals previously formed upon cooling of

the melt and of those resulting from cold crystallization.

The fusion peak of the first heating of most samples,

especially the nonirradiated samples, is simple, more or

less sharp and without shoulders.

Only a single transformation is observed upon cooling of

all studied PET and nanocomposite samples—crystalliza-

tion. The thermograms of the first cooling are shown in the

middle of Fig. 6; those of the second cooling are not shown

since they are almost identical. No shoulders were observed

in the crystallization peaks of any of the samples. The ther-

mograms for all samples in the second heating (Fig. 6, bot-

tom) display a hardly detectable glass transition, no cold

crystallization peak, and a melting peak with a low-tem-

perature shoulder; with the exception of the graphene-con-

taining nanocomposite. The complex melting peaks appear

because of the process of melting and recrystallization of the

vitrified rigid amorphous phase that overlaps with the melt-

ing of the ‘‘true’’ crystalline phase. Some authors treat such

complex melting in PET as melting/recrystallization/

remelting [18, 45]. At relatively high cooling rates for PET

and its nanocomposites, the segment of the amorphous phase

that would otherwise form an ordered amorphous phase

seems to have vitrified. As Righetti et al. [46] recently pro-

posed, the vitrified RAF recrystallized upon heating, pro-

ducing a more complex melting peak. At a slower cooling

rate, the said segment of the amorphous phase probably

would not have vitrified and most likely would have pro-

duced a cold crystallization peak upon reheating.

The temperatures of the cold crystallization and crys-

tallization were more influenced by the addition of

nanoparticles to PET than the glass transition and the

melting temperatures. The glass transition temperature

increase is possibly associated with the greater rigidity of

the polymer due to interactions of functionalized nanodi-

amonds with the PET matrix. In the nanodiamond-only

sample, PET–ND, both the glass transition and cold crys-

tallization temperatures are higher than those in pristine

PET. The increase in the cold crystallization temperature

was not expected since increased nucleation by nanopar-

ticles should have improved the initial crystallization and

reduced the cold crystallization temperature. The increase

indicates the presence of some obstacle to crystallization,

such as crosslinking. Bikiaris et al. [47] studied PET–

nanosilica nanocomposites and proposed that interactions

between nanoparticles and the PET matrix result in a kind

of physical network. They also observed a shift of cold

crystallization to higher temperature. The slight increase of

cold crystallization in the nanodiamond-only sample is

consistent with the proposed interactions and, it also sug-

gests an increased amount of ordered amorphous phase as a

result of those interactions. The nucleating action of nan-

odiamonds is evident due to an increase in the crystal-

lization temperature of the PET–ND nanocomposite

(cooling cycle, Fig. 6b) compared to that of pure PET.

Interactions between nanoparticles and the PET matrix did

not influence the properties of the molten nanocomposite;

however, upon solidification of the nanocomposite, those

interactions become an obstacle to nucleation. As a result,

the ordered amorphous phase becomes more stable so that,

upon the second heating, the low-temperature shoulder in

PET–ND is shifted to a higher temperature than that in pure

PET.

The glass transition temperature of PET–ND–NGP is

higher than that of the pure PET, while the cold crystalliza-

tion temperature is lower which is consistent with the

nucleation effect. Although the total concentration of

nanoparticles is higher than that in the nanodiamond-only

sample, the pronounced nucleation can be ascribed primarily

to graphene which may have eased the crystallization of the

ordered amorphous phase. The similarity between the gra-

phene structure and the aromatic ring of the PET chain

improves the quality of crystals formed from the ordered

amorphous phase upon either cold crystallization or crys-

tallization from the melt; as a result, all melting peaks in the

PET–ND–NGP thermograms are sharp with no shoulders.

Fig. 6 DSC thermograms (normalized by mass) of nonirradiated PET

and its PET–ND and PET–ND–NGP nanocomposites: top first

heating, middle first cooling, and bottom second heating
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The full-width at half-maximum (FWHM) is an indicator of

the uniformity of the crystallizing chains. The FWHMof the

first crystallization peak is significantly lower in the PET–

ND–NGP nanocomposite than in PET or PET–ND

nanocomposite indicating that graphene might also improve

the quality of the crystalline phase. Polymer chains more or

less lose their orientation in molten PET. Similar to the ori-

enting effects of SWNT proposed by Anoop et al. [48], the

NGP may provide a template that improves organization of

the PET chains, improves crystallization, and reduces the

number of defects that would otherwise contribute to for-

mation of an ordered amorphous phase. The nucleating effect

of NGP is also obvious upon crystallization from the melt, as

the crystallization temperature is higher by more than 26 �C
than that of PET and higher by almost 20 �C than that of the

PET–ND nanocomposite.

Heats of melting are not significantly influenced by the

addition of nanoparticles, particularly upon the first heat-

ing, indicating that the overall crystallinity is not signifi-

cantly affected. The heats of crystallization of

nanocomposites are greater than that of pure PET. The

PET–ND nanocomposite has an intermediate heat of

crystallization.

DSC analysis of proton-irradiated PET and PET carbon-

based nanocomposites

Changes in the thermal properties of pristine PET and its

nanocomposites produced by proton irradiation can be

observed in partial DSC thermograms in Fig. 7 and in

corresponding transformation temperatures and heats listed

in Table 3. Heats of the most of the transformations gen-

erally decreased with increasing fluence. In some samples,

local microscopic carbonization appeared at the highest

fluence, D3, indicating decomposition of the PET matrix.

Still, complete amorphization in PET and its nanocom-

posites was never achieved which is likely due to the

higher radiation stability of the crystalline phase of the PET

matrix (to which added nanostructures contribute).

In irradiated samples, the glass transition and cold crys-

tallization temperatures shifted indicating that the majority

of the changes occurred in the amorphous phase(s).

Table 3 Temperatures and heats of transformation of nonirradiated and irradiated PET and its nanocomposites determined by DSC

D0 D1 D3

PET PET–ND PET–ND–NGP PET PET–ND PET–ND–NGP PET PET–ND PET–ND–NGP

1st heating

Tg 70.3 72.0 74.6 72.0 72.0 72.0 73.0 72.1 74.2

Tcc (�C) 136.4 137.7 132.9 137.4 138.2 132.9 137.8 135.8 132.4

Tcc FWHM (�C) 6.3 5.7 5.6 6.2 7.0 6.4 10.9 6.9 6.2

Delta Hcc (J g
-1) -27.5 -28.2 -26.2 -12.7 -6.2 -8.4 -18.1 -4.2 -5.5

Shoulder Tm1 (�C) 247.8 251.2 197.7

Tm1 (�C) 244.8 246.5 246.7 241.4 244.6 243.0 237.4 244.4 245.5

Tm1 FWHM (�C) 13.3 12.9 9.4 19.3 23.8 17.8 20.8 13.2 10.2

Delta Hm1 (J g
-1) 41.6 39.6 43.3 36.5 28.1 37.5 40.9 17.2 25.0

1st cooling

Tc1 (�C) 178.3 185.0 204.8 181.8 190.4 207.0 186.0 199.1 210.6

Tc1 FWHM (�C) 14.4 11.7 8.3 14.2 16.6 13.4 11.8 9.6 7.7

Delta Hc1 (J g
-1) -29.9 -32.8 -33.9 -13.1 -18.5 -25.7 -9.1 -15.7 -15.7

2nd heating

Shoulder Tm2 (�C) 227.3 232.5 245.7 237.4

Tm2 (�C) 243.7 245.7 242.7 240.9 243.9 241.8 235.0 244.4 243.0

Tm2 FWHM (�C) 12.5 13.1 11.6 17.4 25.8 16.3 18.1 18.7 10.8

Delta Hm2 (J g
-1) 32.2 42.4 35.5 36.7 21.1 29.1 40.1 18.0 22.7

2nd cooling

Tc2 (�C) 174.4 183.5 204.0 179.9 191.9 207.5 186.0 200.8 211.9

Tc2 FWHM (�C) 18.0 12.2 8.4 14.1 16.4 14.0 10.6 8.9 7.7

Delta Hc2 (J g
-1) -24.2 -34.3 -34.0 -11.0 -17.9 -28.3 -6.5 -16.7 -16.3
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The glass transition temperatures of irradiated samples

(Table 3) of pure PET slightly increased with fluence,

while it was almost unchanged in the PET–ND nanocom-

posite. Tg in the PET–ND–NGP nanocomposite is slightly

lower at D1 but increases upon irradiation to the D3 fluence

to become almost the same as that for the nonirradiated

PET–ND–NGP nanocomposite. An increase in the glass

transition temperatures indicates an increase in overall

rigidity that is most likely caused by secondary radiation-

induced crystallization (SRIC) [49, 50] of short polymer

chains formed by breaking the bondage of PET macro-

molecules. The SRIC also causes a decrease in heats of

cold crystallization, while corresponding temperatures

varied. The Tcc of pure PET and PET–ND nanocomposites

slightly increased with fluence, but that of PET–ND–NGP

nanocomposite remained almost unchanged. The increased

rigidity of the amorphous phase and higher cold crystal-

lization temperatures may also result from a low extent of

crosslinking because of free radical termination. The con-

centrations of those new C–C bonds that influenced the Tg
temperature in DSC thermograms are likely too low to be

observed in FTIR spectra. Since both glass transition and

cold crystallization temperatures are almost unchanged in

irradiated PET–ND–NGP nanocomposites, it can be con-

cluded that graphene decreased the radiation sensitivity of

the amorphous phase. For the irradiated graphene-con-

taining nanocomposite, some radiation damage is observed

only at the D3 fluence, since its cold crystallization peak

has a high-temperature shoulder. Zhu et al. [43] ascribed

such a shoulder to an interspherulitic amorphous phase,

while the main cold crystallization peak is a result of an

interlamellar amorphous phase.

Fig. 7 Details of DSC thermograms (normalized by mass) of

nonirradiated and irradiated samples: 1st row pure PET, 2nd row

PET–ND nanocomposite, and 3rd row PET–ND–NGP

nanocomposite; left cold crystallization (first heating), middle crys-

tallization on the first cooling, and right melting on the second heating
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The peak melting temperature, Tm, of polymers increa-

ses with molecular mass up to a certain threshold value,

above which it becomes constant. A decrease in the melt-

ing temperature in irradiated samples would indicate sig-

nificant depolymerization as observed, e.g., by Liu et al.

[51] in particle-irradiated PET samples. In our PET and its

nanocomposites, the maximum peak temperature of melt-

ing did not change significantly probably because of lower

LET of protons compared to the ions Liu et al. [51] used.

Therefore, since the melting temperatures are not much

lower decomposition of the PET matrix can be excluded

under the conditions of these experiments. Still the melting

peaks became wider and had poorly defined boundaries

with the exception of peaks in the PET–ND–NGP

nanocomposite. Such behavior indicates that the proton

irradiation influenced recrystallization and remelting of the

ordered amorphous phase and confirms that the amorphous

phase is more affected than the crystalline phase. An

apparent increase in the heats of melting, which was

observed for irradiated pure PET, is at least in part caused

by the contribution of SRIC. Other factors may also be

partly responsible for broadening of the peaks of melting.

Any radiation-induced chemical reactions in the PET

matrix (crosslinking, degradation. and branching) widens

the molecular mass distribution, thus broadening the

melting peak and resulting in increased FWHM values of

melting peaks of first heating of irradiated PET and PET–

ND nanocomposite with increasing fluence. At the same

time, the integration boundaries became obscured, partic-

ularly in PET and PET–ND nanocomposites. In PET–ND,

interactions between nanodiamonds and the PET matrix

seem to stabilize the remaining crystalline phase, so the

shoulder that appears upon the second heating even shifted

to a higher temperature, particularly at D1. Only in the

irradiated PET–ND–NGP nanocomposite did the melting

temperatures remain almost constant and the melting peaks

remained defined, although less so at the highest fluence.

The FWHM values of PET–ND–NGP nanocomposite

melting peaks are also the lowest, indicating better quality

crystallites in nonirradiated samples that are less affected

by irradiation.

Defects introduced into the samples by irradiation,

irrespective of their type, act as nucleation sites, so the

number of crystallites increased but their quality was lower

causing a shift of the peak crystallization-from-the-melt

temperature, Tc1 or Tc2 to higher values. This behavior is

most pronounced in PET–ND nanocomposites. Tc1 and Tc2
temperatures of irradiated samples also increased with

fluence, and the change is the most pronounced in PET–ND

nanocomposites. Since the FWHM of the crystallization

peaks of PET–ND nanocomposites also increased, it indi-

cates that short chains were formed by the degradation of

the polymer matrix, and those chains crystallize at

somewhat higher temperature. Again, the crystallization

temperatures are the highest with the lowest FWHM in

irradiated PET–ND–NGP nanocomposites. The crystal-

lization-from-the-melt temperature of PET–ND–NGP

nanocomposite irradiated to the highest fluence, D3, is the

highest of all the measured samples. The overall difference

of the lowest (nonirradiated pure PET) and the highest

temperature of crystallization from the melt (PET–ND–

NGP nanocomposite at D3 fluence) is almost 35 �C.
Because of the complex structure of the PET melting peak,

it is easier to assess the changes in crystallinity of irradiated

PET and its nanocomposites from heats of crystallization.

As already stated, under the conditions of these DSC

experiments, the ordered amorphous phase segment vitri-

fied upon cooling and did not contribute to the crystal-

lization peak. All the crystallization heats decreased with

fluence, but that of the PET–ND–NGP nanocomposite

remained the highest up to D3 fluence, indicating the

highest radiation stability.dissapeared.

Photoluminescence studies

In the present study, proton beam-induced modifications of

the photoluminescence behavior of the PET polymer and

PET nanocomposites were evaluated. No luminescence

was observed for any of the nonirradiated samples. This

was expected as the intrinsic emission bands cannot be

effectively stimulated by 405-nm photons.

However, following irradiation PL measurements

revealed complicated features in the spectra. The PL

spectra of pristine PET irradiated under D1, D2 and D3

fluence conditions are shown in Fig. 8. The emission

spectra consists of several characteristic peaks in the

wavelength range between 400 and 800 nm, with several

different peaks around 500, 550, and 600 nm. No changes

were found in the wavelength range higher than 800 nm.

The results suggest that several different emission centers

exist following 3 MeV proton irradiation.

Nagata et al. [52] reported radiation-induced lumines-

cence of PET and PEN films (with 1 MeV H?, He). They

also observed a decrease in PL intensity in the wavelength

range between 400 and 600 nm. Our samples were irradi-

ated at a higher energy and to a higher fluence (D3). The

PL spectrum of the PET sample irradiated to the fluence D1

has the highest intensity for the band in the 450–700-nm

region (Fig. 8). The PL intensity decreased with increasing

irradiation dose. At the D3 fluence, the PL emission almost

completely disappeared. The PL intensity is sensitive to

defects introduced by proton irradiation. Therefore, the

decrease in luminescence intensity with increasing irradi-

ation dose might be attributed to the formation of defects

and destruction/modification of the chemical structure due

to the increase in the energy deposited by the proton beam
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in the sample. With increasing irradiation dose, the poly-

mer material becomes more enriched with defects, which

affect the radiative transitions. The decrease in lumines-

cence suggest the formation of new radiative recombina-

tion levels, which can be related to the irradiation-induced

compositional transformation in the irradiated region. The

emission peak at around 550 nm has been reported in other

polymers [41] and hydrogenated carbon films and was

related to aggregates of phenyl radicals. The PL emission

which appears above 500 nm in the PET may be attributed

to similar medium range ordered structures of carbon

clusters.

The PL spectra of PET–ND and PET–ND–NGP

nanocomposites subjected to D1, D2, and D3 irradiation

conditions are presented in Fig. 8 (middle and bottom).

The highest PL intensity was again recorded for the D1

irradiation condition in both PET–ND and PET–ND–NGP

nanocomposites. However, the PL spectra for D1 fluence

conditions in both nanocomposites were less intense than

the PL intensity for pure PET. Also, the same pattern of

decreasing intensity with increasing proton irradiation dose

was observed. However, the decrease was not as drastic as

for pure PET. This indicates that the higher irradiation

fluence did not introduce as many new radiative recombi-

nation levels, which can be related to irradiation-induced

compositional transformation of the irradiated region as in

the case of pure PET. These findings support the previous

FTIR results of higher irradiation resistance of nanocom-

posite PET materials.

Conclusion

The ATR-FTIR, DSC, and Raman studies reveal that the

introduction of ND and ND–NGP nanofillers did not sig-

nificantly change the properties of the polymeric matrix

and that only minimal differences in sample crystallinity

existed between virgin samples and the nanocomposites.

The proton irradiation at a fluence of 1014 p cm-2 (D1)

caused minimal modifications to the polymer structure

although the nanocomposites showed much less change in

the vibrational bands intensities compared to those of pure

PET. It was also shown, with both FTIR and DSC mea-

surements, that for a fluence of 1014 p cm-2 all the mate-

rials gained some degree of crystallinity and became more

ordered. This was explained by proton beam breaking of

polymer chains, producing short segments that crystallize

easier and therefore a slight increase in the degree of

crystallinity was observed for all the samples. Further

increase in fluence leads to more different reactions of the

pure PET versus PET nanomaterials. It was shown that

while pure PET becomes more degraded, the nanomaterials

tend to retain all the vibrational bands, particularly PET–

ND–NGP nanocomposite, with further increase in the trans

conformation and decrease in gauche conformation, indi-

cating further development of more ordered areas inside

the amorphous material. Raman measurements confirmed

that the intensity of the bands in PET–ND–NGP

nanocomposite does not change significantly under D1 and
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Fig. 8 PL spectra of PET irradiated under D1, D2, and D3 conditions

(top); PL spectra of PET–ND irradiated under D1, D2, and D3

conditions (middle); and PL spectra of PET–ND–NGP irradiated

under D1, D2, and D3 conditions (bottom)
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D2 fluence, while proton irradiation of neat PET to the

fluence D1 introduced already the changes in intensities of

ring vibration modes. The most significant difference in

material response to proton irradiation in the case of the

highest irradiation fluence D3 (which in our study was 1016

p cm-2) has been observed for the material with ND and

NGPs fillers. While pure PET underwent almost complete

amorphization, it was clearly shown that all the vibrational

bands are still present in the nanocomposites, especially in

the case of PET–ND–NGP nanocomposite, and the crys-

tallization process or some degree of ordering occurred

with the nanoparticles/nanoplatelets serving as nucleating

agents. As a consequence the nanocomposites are less

sensitive to proton irradiation than pure PET.

We showed that the presence of those nanomaterials

lead to stabilization of the PET matrix; the degradation of

the polymer is retarded by the presence of the nanoparticles

which may restrict the thermal motion of PET molecules,

serve as heat sinks, ease the crystallization process, block

free radicals and thus increase thermal stability and radi-

ation hardness. Furthermore, the materials underwent a

change in optical emission properties following irradiation.

Excitation with a 405-nm laser beam resulted in lumines-

cence which was observed for all the samples while the

luminescence was not present in nonirradiated material.

With irradiation, PET became more enriched with defects

which serve as emission centers that affect the radiative

transitions. Higher irradiation fluence did not introduce so

many new radiative recombination levels in the

nanocomposites which can be related to irradiation-in-

duced compositional transformation of the irradiated

region. These findings support the FTIR results of higher

irradiation resistance of nanocomposite PET materials.

The present investigation contributes toward a better

understanding of the modifications of the structural, opti-

cal, and thermal properties of PET and its composite

nanomaterials induced by proton beam irradiation which is

applicable to the use of these materials in high radiation

environments.
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