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ABSTRACT: To explore the effect of short glass fiber reinforcement (SGFR) on the mechanical properties of polyethersulfone (PES),

microstructural characterization has been performed by positron lifetime technique. The free volume distribution of SGFR-PES com-

posites derived from CONTIN-PALS2 program exhibits the narrow full width at half maximum (FWHM) indicates the strong inter-

action between polymeric chains of PES matrix and SGF. The positron lifetime parameters of SGFR-PES composites are correlated

with the mechanical properties viz., Tensile strength (TS), Young’s modulus (YM) and elongation at break (EB). The decreased posi-

tron lifetime parameters, improved mechanical properties and reduced crystallinity of SGFR-PES composites are attributed to the

improved chemical and physical interaction between the functional groups of both SGF and PES matrix. This is clearly evident from

the FTIR (Fourier Transform Infrared Spectrometry) studies. The hydrodynamic interaction parameter (h) show negative values, sug-

gest the improved interaction in SGFR-PES composites by the generation of excess friction at the interface. VC 2016 Wiley Periodicals, Inc.

J. Appl. Polym. Sci. 2016, 133, 43647.
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INTRODUCTION

Now-a-days, fiber reinforced polymer (FRP) composites are

widely used in the medical field, where the mechanical proper-

ties are a serious concern.1 The conventional metallic/ceramic

orthopedic implants are being replaced by FRP composites. The

advantage of using FRP composites in load bearing orthopedic

implants is mainly because of their lightweight, high strength

and stiffness than the conventional metallic implants. This will

reduce the “stress shielding’ effect around the implants.2 They

exhibit high biocompatibility, non-corrosion and good bonding

between the bone and implant.3–5

The most commonly used polymers for the orthopedic implants

in the medical field are Polysulfone (PSU), Polybutylene tereph-

thalate (PBT), Nylon, polymethyle methacrylate (PMMA), Poly-

etherimide (PEI), polyetheretherketone (PEEK), Polyethylene

(PE) etc.6 In the present study, due to its high strength, stiffness

and good biocompatibility, Polyethersulfone (PES) was chosen

as the polymer matrix. PES is an excellent heat resistant, trans-

parent, non-crystalline engineering plastic containing ether

groups and sulfone groups in its backbone chains.7 PES resins

are biocompatible, exhibit high dimensional stability and out-

standing rigidity even at very high temperature. PES can be

molded on conventional plastics processing equipment such as

injection molding, extrusion, compression molding, solution

casting and sintering. Because of its amorphous nature, PES has

excellent dimensional stability and it can be easily processed

with highly polar solvents.8 Fiber reinforced PES composite

materials are presently used to manufacture orthopedic devices

to replace metal alloys.9 The fiber reinforced PES composites

are also used in automobile industry and aerospace materials as

toughening and processing agents.10

In order to improve the mechanical properties of polymer com-

posites, E-glass fibers are most commonly reinforced into the

polymer matrix. The major problem associated with the

untreated E-glass fibers is that they exhibit low interfacial adhe-

sion between the fibers and thermoplastic matrix. This can be

overcome by treating the surface of E-glass fiber with 3-

Aminopropyltriethoxy (3-APE) silane coupling agent.11–14 From

the literature survey, it has been found that not much work has

been done on short glass fiber reinforcement (SGFR) polymer

composites and the effect of free volume on the mechanical

properties of FRP composites are no where reported. Therefore,

in the present study, authors made an attempt to correlate the

free volume and mechanical properties of SGF reinforced PES

for biomedical applications. To study the effect of fiber rein-

forcement on the microstructure of polymeric matrix, short

glass fiber (SGF) of 10 to 40 wt % are reinforced into PES

matrix. The microstructural characterization of SGFR-PES
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composites has been performed by one of the well-established,

sophisticated tools viz., positron annihilation lifetime spectros-

copy (PALS). In recent years, positron lifetime technique has

emerged as a unique and potent probe for directly characteriz-

ing the free volume cavities and their concentration in the

amorphous region of the polymers in terms of positron lifetime

of the injected positrons.15 The free volume holes provide path-

ways for thermal motion of the chain segments. The varieties of

structural changes like first order phase transition, second order

phase transitions like glass transition and relaxation processes in

polymers and polymer composites are well described by consid-

ering the free volume as an internal material parameter.16 The

measured free volume parameters by PALS may not directly

provide the changes occurring at the interface of the polymer-

fiber composites. The friction developed between the interfaces

of polymer/fiber is determined by the hydrodynamic interaction

parameter (h) arises from the flow dynamics of polymer solu-

tions.17,18 To quantify the extent of interaction at the interface

of SGFR-PES composites, hydrodynamic interaction parameter

(h) has been evaluated. The mechanical properties viz., tensile

strength (TS), and Young’s modulus (YM) have been measured

by Universal Testing Machine (UTM) as per ASTM-D 256

model.

THEORY

Hydrodynamic Interaction Parameter

The concept of hydrodynamic interactions in polymer solution

was first introduced by Kirkwood and Riseman17,18 in the year

1956. The hydrodynamic interaction is the mechanical interac-

tion generated due to the excess friction between the constitu-

ents of the polymeric chains. The friction between the

polymeric chains of the composites is not only due to the inter-

molecular interactions but also due to the intramolecular repul-

sion between them.17,18 Polymer composites are the visco-elastic

materials and exhibit time-dependent relaxations. The relaxation

usually means to return from a perturbed system into equilib-

rium. The relaxation process can be characterized by a relaxa-

tion time (s), which is related to the viscosity (h) and YM (r)

by the relation.19
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The hydrodynamic interaction parameter (h) is related to the

relaxation time (s) by the equation
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where “r” is the radius of the fibers, “a” is the length of the

fibers, k is Boltzmann constant and “T” is the absolute tempera-

ture. From eqs. (1) and (2) hydrodynamic interaction parameter

(h) can be written as
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and it is more negative for composites having higher YM.20,21

EXPERIMENTAL

Materials

PES with a density of 1.31 g/cm3 was procured from BASF Company

(Ludwigshafen, Germany) under the trade name Ultrason. The

chemical structure of PES is as shown in Figure 1. E-glass fibers with

a mean diameter of 16 mm and the density of 2.60 g/cm3 supplied by

Nippon Electric glass, Taiwan were used as the reinforcement.

Silane Treatment

3-APE silane (0.6%) was mixed well with ethanol/water in the

ratio 6:4 and kept for 1 h. The pH of the solution was main-

tained between 3.5 and 4 to complete the hydrolysis of silane by

the addition of acetic acid. The E-glass fibers were dipped in

the above solution for 1 h. In order to obtain the homogeneous

dispersion of silane into the fiber surface, the mixture was con-

tinuously mixed for another 30 minutes. The length of the SGF

after mixing is 3 mm and the thickness of the coating is about

0.14 mm. The treated E-glass fibers were then dried at 100 8C

for about 5 h in an air circulating oven to evaporate ethanol

completely. The interaction mechanism is as shown in Figure 2.

Preparation of Composites

PES and E-glass fiber were dried around 150 8C for 6 h and at

120 8C for 2 h respectively. PES granules and 3 mm SGF of various

loading (10, 20, 30 and 40 wt % were mixed in a Haake co rotating

twin screw extruder (diameter 5 40 mm, L/D 5 16) operating at a

barrel temperature profile ranging from 343 8C to 377 8C at the

feed rate of 1 kg/h and a screw speed of 230 rpm. The extruded

composites were subsequently pelletized by a granulator. The rein-

forced granules were then molded on an injection molding

machine with an injection pressure from 69 to 103 MPa. The mold

temperature was held at 135 8C to 177 8C respectively. After mold-

ing, the specimens were allowed to cool at room temperature.

Measurements

Positron Annihilation Lifetime Measurements. Positron anni-

hilation lifetime spectra of PES matrix and SGF reinforced Poly-

ethersulfone (SGFR-PES) composites for different fiber

concentration were recorded using a standard fast-fast coinci-

dence system with conically shaped BaF2 scintillators coupled to

photomultiplier tubes of type XP2020/Q with quartz window as

detectors.15 The coincidence lifetime spectrometer had a resolu-

tion of 230 ps. The two identical pieces of the samples were

placed on either sides of a 15 mCi - 22Na positron source depos-

ited on a pure Kapton foil of 0.0127 mm thickness. This

sample-source sandwich was placed between the two detectors

to acquire lifetime spectrum. All lifetime measurements were

performed at room temperature and two to three positron life-

time spectra with more than a million counts under each spec-

trum were recorded in a time of 2–4 hrs.15 Consistently

reproducible spectra were analyzed into three lifetime components

with the help of the computer program PATFIT-8822 and

Figure 1. The chemical structure of PES.
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CONTIN-PALS2 with proper source and background corrections.

Source correction term and resolution function were estimated

from the lifetime of well annealed aluminium using the program

RESOLUTION.22 The three Gaussian resolution functions were

used in the present analysis of positron lifetime spectra of as

received PES and SGFR-PES for different fiber concentration. The

o-Ps lifetime s3 is related to the free volume hole size by a simple

relation given by Nakanishi et al.,23 which was developed on the

basis of theoretical models originally proposed by Tao24 for molec-

ular liquids and later by Eldrup et al.25 In this model, Positronium

is assumed to be localized in a spherical potential well having an

infinite potential barrier of radius Ro with an electron layer in the

region R< r<Ro. The relation between “s3” and the radius R of

the free volume hole or cavity is,

k5
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where Ro 5 R1DR and DR is an adjustable parameter. By fitting

eq. (4) with s3 values for known hole sizes in porous materials like

zeolites, a value of DR 5 1.657 Å was obtained. With this value of

DR, the free volume radius R has been calculated from eq. (4) and

the average size of the free volume holes (Vf) is evaluated as

Vf 5
4

3
pR3 (5)

The fractional free volume or the free volume content (Fv) can

then be estimated as

Fv5CVf I3 (6)

where C is structural constant, whose value is taken as 0.0018

Å3, Vf is the free volume hole size, and I3 is the o-Ps intensity.

In order to analyse the acquired positron lifetime spectra com-

puter program CONTIN-PALS2 is used. CONTIN-PALS2 program

is based on the inverse Laplace transformation technique and this

generates the distribution of annihilation rate probabilities (proba-

bility density function [PDF]) of free volume cavity radius and

size. For the analysis of annihilation rate probability solutions,

90 grids in the annihilation rates from 0.35 to 9 ns21 are selected

and the appropriate “a” regularizer was constrained to 2.5 3 1023.

The moment of order (21) displayed in the output was used to

evaluate the mean o-Ps lifetime and intensities. The PATFIT analysis

is also made to check the correctness of the CONTIN results. The

results of three annihilation rate distributions obtained from

CONTIN-PALS2 corresponding to the three lifetime components

(s1, s2 and s3) are agree well with the values obtained by PATFIT

program. These results are shown in Table I.26,27

The CONTIN analysis provides the annihilation rate PDF a(k)

to the corresponding radius PDF for the free-volume regions in

which o-Ps annihilates is obtained from eq. (7), which relates

the annihilation rate k with free volume radius R. Then the

fraction of positrons annihilating in cavities with radii between

R and R 1 DR is f(R) DR. The free volume radius PDF: f(R) is

given by Refs. 26 and 27.

f ðRÞ52ðDRÞ cos
2pR

R1DRð Þ
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Where DR has the same meaning as defined earlier.

Then the fraction of positrons annihilating in cavities with vol-

umes between V and V1 dV is given by g (V) dV. The free vol-

ume PDF assuming a spherical cavity is

gðV Þ5 f ðRÞ
4pR2

(8)

Mechanical Property Measurements. Mechanical properties

namely TS, tensile modulus and elongation at break (EB) for

Figure 2. Mechanism of silane treatment of E-glass fibers.

Table I. Comparison of Free Volume Data Derived from the Two Programs PATFIT and CONTIN-PALS2

PATFIT-88 Analysis CONTIN- PALS2 Analysis

Sample
s3

(ns) 6 0.013
I3
(%) 6 0.22

Vf

(Å3) 6 0.9
s3

(ns) 6 0.018
I3
(%) 6 0.24

Vf

(Å3) 6 0.3
FWHM
(Å)

Pure-PES 1.832 15.67 82.17 1.825 15.60 81.53 2.654

PES 1 10 wt % SGF 1.821 16.75 81.17 1.820 16.78 81.08 2.650

PES 1 20 wt % SGF 1.818 17.21 80.89 1.814 17.28 80.53 2.645

PES 1 30 wt % SGF 1.782 15.80 77.68 1.787 15.78 77.51 2.630

PES 1 40 wt % SGF 1.779 14.05 77.42 1.775 14.11 77.33 2.618
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different fiber concentration of the composites were measured

according to ASTM D 638 standard using Universal Testing

Machine (UTM), model 4302 H50 KM, 50KN, Hounsfield, UK.

Three samples were tested for each concentration and the aver-

age value has been reported.

X-ray Diffraction Studies. X-ray diffraction patterns of the

samples were recorded using Rigaku Mini Flex 11 diffractometer

with Ni filtered Cuka radiation of wavelength 1.5406 Å with

graphite monochromator. X-ray difftraction spectra of as

received PES matrix and SGF reinforced polyethersulfone

(SGFR-PES) composites for different fiber concentration were

taken in a glass sample holder. The X-ray scans were recorded

in the 2u range from 68–608 with a scan speed of 58/min in

steps of 0.028. The working voltage and current were 30 kV and

15 mA respectively.

FTIR Studies. FTIR experiment was carried out using a Perkin

Elmer Spectrum Version (model spectrum 2 series, NIOS2 Main

software, USA) fitted with a Personal Computer (PC) for data

processing. It is a well-established technique for investigation of

functional groups in the fiber and polymer matrix. The func-

tional groups can either be organic or inorganic. FTIR spectra

of as received PES matrix and SGF reinforced polyethersulfone

(SGFR-PES) composites for different concentration were run at

ambient temperature using KBr disk method at the wave num-

ber range of 4000–500 cm21.

Results and Discussions

Positron Lifetime Results. Positron lifetime studies of FRP

composites reveal that the free volume properties of polymer

composites are strongly affected by the amount and type of

fiber used for reinforcement.28,29 As we are interested on the

free volume hole size and their concentration of fiber reinforced

PES composites, only the third lifetime component viz., o-Ps

lifetime (s3) and o-Ps intensity (I3) derived from PATFIT pro-

gram are reported here. Figure 3 shows the plots of o-Ps life-

time (s3) and free volume size (Vf), o-Ps intensity (I3) and

fractional free volume (Fv) as a function of fiber concentration

respectively. To account for the fraction of positrons annihilat-

ing in glass fibers, positron lifetime measurements have been

performed on the glass fibers alone, which yielded s3 5 1.03 ns

and I3 5 7.66%. From the Figure 3(a) it is observed that the val-

ues of o-Ps lifetime (s3) and its intensity (I3) of PES matrix

are 1.832 ns and 15.67% respectively. The o-Ps lifetime (s3)

decreases gradually as a function of fiber concentration and

about 53 ps (picoseconds) reduction occurs from 1.832 ns to

1.779 ns (nanoseconds) at 40 wt % of fiber. This corresponds

to the reduction of free volume hole size (Vf) from 82.17 Å3 to

77.42 Å3 at 40 wt % of SGF. This reduction in free volume hole

size in SGFR-PES composites can be explained as follows.

The E-glass fibers are treated with silane coupling agent will have

polysilaxone networks and these networks consist of large num-

ber of active functional groups. They can easily undergo chemical

and physical interactions with side chains of PES matrix by

hydrogen or covalent bonding and van der Waals type of attrac-

tive forces.11,14 Therefore, the decreased o-Ps lifetime from 1.832

ns to 1.779 ns at 40 wt % SGF reinforced PES matrix is attrib-

uted to the improved adhesion between SGF and PES matrix due

to the induced chemical and physical interactions.

The variation of o-Ps intensity (I3) as a function of SGF con-

centration is as shown in Figure 3(b). From the figure it is

observed that about 1.54% increase of o-Ps intensity (I3) at 20

wt % of SGF and the reduction of 3.16% from 20 wt % to 40

wt %. The intensity of o-Ps annihilation (I3) correlates with the

amount of free volume or the number of voids in the sample.

The increase of o-Ps intensity (I3) at 20 wt % of SGFR-PES

composites is attributed to the formation of additional voids at

the interface. The decrease in o-Ps intensity (I3) at 40 wt % of

SGF is due to the reduction in number density of o-Ps annihila-

tion sites. This is due to the restriction on the segmental

motion of the polymeric chains of PES caused by the strong

interaction between the PES matrix and SGFs.30,31 The frac-

tional free volume (Fv) is derived from the product of free vol-

ume hole size (Vf) and o-Ps intensity (I3) would rather

represents the overall changes in free volume of the system.32

Figure 3(c) shows the variation of fractional free volume (Fv)

calculated according to the eq. (7) as a function of SGF wt %.

The fractional free volume (Fv) increases up to 20 wt % of SGF

is due to the loose packing of polymeric chains in SGFR-PES

composite. The decreased Fv at 40 wt % of SGF indicates the

Figure 3. Plot of free volume parameters (a) o-Ps lifetime (s3) and free

volume hole size (Vf) (b) o-Ps intensity (I3) and (c) fractional free vol-

ume (FV) as a function of fiber concentration.
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improved molecular packing between SGF and PES matrix due

to the improved physical and chemical interaction.33

Free Volume Distribution (CONTIN-PALS2) Results. The

analysis of size distribution of free volume cavities was carried

out to estimate the most probable size of free volume cavities in

the SGFR-PES composites for different fiber content. The distri-

bution of lifetimes in pure PES and composites are derived from

CONTIN-PALS2 is as shown in Figure 4. The first peak from the

left corresponds to o-Ps lifetime distribution.26,27 The free volume

radius distribution f(R) as a function of free volume radius (R)

and hole size g (V) as a function of free volume size (Vf) in

SGFR-PES composites is as shown in Figure 5. The free volume

radius/size distribution of each sample is distinct with regard to

its spread and height and in few cases in shape as well. SGFR-

PES composites show variety in their free volume hole radius/size

distribution and full width at half maximum (FWHM).

From the Figure 5 it is observed that the free volume size distri-

butions obtained from SGFR-PES composites appear more or

less Gaussian. PES exhibits broad free volume size distribution

and its FWHM is about 2.654 Å. SGFR-PES composites with 10

to 40 wt % of SGF show relatively narrow distributions. Gener-

ally, broader distribution in polymer composites is attributed to

the formation of interfacial region between the matrix and the

SGF and hence the formation of bigger free volumes.34 The nar-

rower distribution obtained in SGFR-PES composites with 10 -

40 wt % SGF is due to the close packing resulted by the strong

interaction between the constituents.34 The specific interaction

between the constituents is explained with the help of FTIR

spectra. The free volume data derived from the two programs

PATFIT and CONTIN-PALS2 results are shown in Table I.

X-ray Diffraction Results. Figure 6 shows the XRD spectra of

pure PES and SGFR-PES composites with 10 to 40 wt % SGF

reinforced into PES matrix. X-ray diffraction pattern of FRP

composites contain both sharp as well as diffused peaks. In

which, sharp peaks correspond to crystalline domain and dif-

fused peaks for amorphous regions of polymer samples. XRD

spectra of pure PES and SGFR-PES composites of different con-

centrations show a sharp crystalline peak at 2u 5 198. The inten-

sity of crystalline peak of SGFR-PES composites decreases as a

function of SGF wt % indicates the increased amorphousity of

SGFR-PES composites. When silane coupling agent reacts with

hydroxyl group of E-glass fiber, alkoxy silane undergoes hydro-

lysis and form polysiloxane structure by hydrogen bond forma-

tion. The large coupling molecules will damage the packing of

the glass fiber chains and causes disturbance in the crystalline

pattern of the main polymeric backbone14,35 and hence

increases the amorphousity of the composites.

Correlation between Free Volume Parameters and Mechanical

Properties Results. The mechanical properties are considered as

the most important of all the physical properties for structural

applications. The free volume cavities and their concentration

have been used in understanding the visco-elastic properties of

the many polymeric systems.36 In the present study, mechanical

properties viz., TS, YM, and EB of SGFR-PES composites for

different fiber concentration are measured at ambient condi-

tions and correlated with free volume parameters. This property

depends on the chain morphology of the system i.e. the ease

with which the chains can slide past each other under the influ-

ence of any external force. The variation of free volume size

(Vf), TS, YM, and Elongation at break (EB) as a function of

Figure 4. Positron annihilation rate PDF for polymer composites. Peak s3

represents ortho-Positronium (o-Ps) annihilation rate PDF.

Figure 5. Free volume hole radius PDF [f(R)] and Free volume hole size

PDF [g(V)] for (a) Pure PES matrix (b) PES 1 10 wt % SGF (c) PES 1 20

wt % SGF (d) PES 1 30 wt % SGF (e) PES 1 40 wt % SGF.

Figure 6. XRD spectra of pure PES and SGFR-PES composites at different

fiber concentration. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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fiber concentration are shown in Figure 7. At 40 wt % SGFR-

PES composite, both TS and YM showed greatest improvement

in their values and the EB of 40 wt % SGFR-PES composite

shows a minimum value. On the other hand the reduction of

about 4.75 Å3 free volume hole size is evident at 40 wt % of

SGFR. The reduction of free volume hole size (Vf), increased

TS and YM can be correlated as follow. The addition of silane

treated glass fibers into the polymer matrix initiates the chemi-

cal and physical interaction36 in SGFR-PES composites. The

close packing resulted between the fiber and matrix due to the

strong interaction provides less space for the chain movement

and hence reduces the free volume hole size. This would be the

one of the reasons for increased TS and YM of 40 wt % SGFR-

PES composite. The decreased EB is due to the reduced ductil-

ity of SGFR-PES composite due to the incorporation of SGFs.36

Hydrodynamic Interaction Parameter Results. The FRP com-

posites have a distinctive combination of physical, mechanical,

thermal and rheological properties. The strength of the adhesion

between the polymer-fiber composite at the interface can be

represented by the hydrodynamic interaction parameter (h).

The hydrodynamic interaction refers to the excess friction gen-

erated at the interface of polymer and reinforced fiber.17,18 In

FRP composites, there exists an attractive interaction between

the polymeric chains of the constituents; therefore one would

expect high friction between them. In such circumstances the

hydrodynamic interaction parameter (h) attains large negative

values. Suppose, if the friction is less at the interface due to the

lack of interaction between the polymeric chains of the constit-

uents, each polymer forms its own domain in the system and

results to the reduced contact between the polymer chains. For

such system hydrodynamic interaction parameter (h) becomes

positive.17,18 In SGFR-PES composites, the silane treated glass

fibers are randomly distributed on PES matrix. The sites of the

interaction between the constituent polymeric chains are maxi-

mum, thus when a chain attempts to move, it is pulled by sev-

eral other chains with which it has segmental level interaction.

This provides more friction at the interface and improves the

adhesion between the constituents of SGFR-PES composites;

this is determined by hydrodynamic interaction parameter

(h).17,18 Figure 8 shows the plot of hydrodynamic interaction

parameter (h) evaluated by eq. (3) as a function of fiber con-

centration. The “h” parameter for pure PES is about (21.82 3

1018) and this value decreases as the concentration of glass fiber

in the composite increases and it becomes more negative for 40

wt % of SGFR-PES composite. This indicates that the hydrody-

namic interaction at 40 wt % SGFR-PES composite is very high

due to the excess friction developed at the interface of SGFR-

PES composite. This excess friction is due to the intramolecular

repulsion between the polymeric chains of PES.17,18 The improved

mechanical strength and decreased hydrodynamic interaction

parameter at 40 wt % of SGFR-PES composite can be attributed

to the increased interfacial strength between SGF and PES

matrix.37

FTIR Results. Fourier transform infrared spectrometry (FTIR)

is used to study the chemical interaction between silane treated

E-glass fiber and PES matrix. The FTIR spectrum of silane

treated E-glass fiber measured in transmittance mode is as

shown in Figure 9(a). This shows the prominent transmittance

peak at 920 cm21 corresponding to the –Si–C–asymmetric

stretching.38 The bands at 1,222 cm21 is due to the asymmetric

stretching of –Si–O–Si– and/or to the –Si–O–C– bonds.39 The

band at 1800 cm21 and 1401 cm21 correspond to the twisting

vibration of NH2 group hydrogen bonded to the hydroxyl group

of both silane and the fiber surface, indicating the complete

adsorption of silane on to the fiber surface. This confirms the

grafting of silane on to the fiber surface after the silane treatment.

Figure 7. Plot of Free volume hole size and Mechanical Parameters against

fiber concentration for SGFR-PES composites.

Figure 8. Hydrodynamic interaction parameter for SGFR-PES composites

as a function of SGF concentration.
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This is as shown in Figure 2. Apart from this, silane coupling

agent also introduces an organosiloxy group to the fiber surface.38

FTIR spectra of silane treated SGF reinforced pure PES matrix, 10%,

20%, 30%, and 40 wt % SGFR-PES composites measured in trans-

mittance mode are shown in Figure 9(b–f) respectively. The PES

structure includes a benzene ring, an ether bond and a sulfone

(SO2) group. The FTIR spectrum of pure PES matrix shows the con-

tinuous transmittance peak at 3068 cm21 corresponding to the

CAH stretching peak of benzene ring. The peaks at 1576 cm21 and

1405 cm21 were attributed to CAC and C@C stretching vibrations

in the Benzene ring. The CAOAC stretching peaks were located at

1319 cm21 and 1233 cm21. The peaks at 1144 and 1296 cm21

(strong) indicate the presence of sulfone (SO2) groups.40

The collection of bands around 2961–2875 cm21 are the stretching

of CAH, CH2, C2H5 and phenyl ring both in aromatic and ali-

phatic compounds.39 The band at 1100 cm21 is assigned to

stretching of C–O and Si–O indicates the presence of silicon oxide

compounds attached to PES matrix.39 The band at 1484 cm21,

1071 and 757 cm21 corresponds to the bending vibrations of

methylene and phenolic CAH bonds respectively.40,41 The broad

band between 3600-3200 cm21 indicates the presence of hydroxyl

groups and a peak at 697 cm21 is characteristic of AC6H5 (phenyl

groups).42–47 Figure 9(c–f) suggest the formation of hydrogen

bonding between amine groups attached to trimetylene group of

silane treated E-glass fiber and sulfone (SO2) group of PES matrix.

This chemical interaction between E-glass fiber and sulfone (SO2)

group of PES matrix is shown in Figure 10. Although, hydrogen

bonding is more likely to provide the strong interfacial interaction

between the fiber and the polymer matrix,41 there may be van der

Waals type of attractive forces and hydrodynamic interaction

established between polymeric chains of PES matrix and the long

hydrophobic chain of polymerized silane.11,14 This would be the

one of the reasons for the decreased free volume hole size (Vf)

from 82.17 Å3 to 77.42 Å3 and improved mechanical strength of

40 wt % SGFR-PES composite. The reduction in peak intensity at

1576 cm21, 1405 cm21 and 697 cm21 in the FTIR spectrum indi-

cates increased IR absorption due to the induced molecular pack-

ing in the SGFR-PES composites.15

Conclusions

The decreased value of positron lifetime parameters viz., o-Ps

lifetime (s3), free volume hole size (Vf) and improved TS, YM,

and reduced EB upon SGFR indicate the good adhesion

between the fiber and PES polymer matrix. The decreased o-Ps

intensity at the higher concentration of SGF suggests the reduc-

tion in number density of o-Ps annihilation sites due to the

restriction on the segmental motion of the polymeric chains of

PES caused by the strong interaction between the PES matrix

and SGFs. The free volume distribution derived from CONTIN-

PALS2 program exhibit relatively narrow FWHM for 40 wt %

of SGFR-PES composites indicates the strong interaction

Figure 9. FTIR spectra of (a) silane treated E-glass fiber (b) pure-PES matrix (c) PES 1 10 wt % SGF (d) PES 1 20 wt % SGF (e) PES 1 30 wt % SGF

(f) PES 1 40 wt % SGF.
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between PES matrix and SGFs. The reduced intensity of crystal-

line peak upon fiber loading suggests the grafting of silane on

to the glass fiber surface. The FTIR result confirms the induced

chemical interaction by the hydrogen bonding between the

amine groups of silane treated E-glass fiber and sulfone group

of PES matrix. Along with the chemical interaction the contri-

bution of hydrodynamic interaction is also predominant for the

improved interfacial adhesion between the polymeric chains of

PES matrix and the SGFs. SGFR-PES composite with 40 wt %

of SGF can be used as the replacement of metal alloys for load

bearing orthopedic applications. Further investigations are nec-

essary for the improvement of mechanical strength of SGFR-

PES composite for specific applications.
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