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Abstract Cenosphere-filled polypropylene (PP) compos-

ites were fabricated and characterized for their structural/

morphological and fracture mechanical behaviour. The

fracture properties were studied following the essential

work of fracture (EWF) approach based on post-yield

fracture mechanics (PYFM) concept. The structural attri-

butes and its consequent effects on the dynamic mechani-

cal properties were characterized by wide angle X-ray

diffraction (WAXD), hot-stage polarized light optical

microscopy (PLOM) and dynamic mechanical analysis

(DMA). The WAXD studies have revealed a decrease in

crystallinity of the composites with increase in cenosphere

content. PLOM studies reveals a threefold reduction in the

diameter of the spherulite in case of composite with

10 wt% of cenosphere compared to that of PP followed by

an increase of *50% in the composite with 20 wt% of

cenosphere compared to that of the composite with 10 wt%

cenosphere. DMA revealed an enhancement in the energy

dissipation ability of the composite with 10 wt% of ceno-

sphere and an increase in the storage modulus up to *30%

in the composites relative to the soft PP phase. The non-

essential work of fracture (NEWF: bwp) as the resistance to

stable crack propagation has shown a maximum at 10 wt%

of cenosphere followed by a sharp drop at higher ceno-

sphere content indicating a cenosphere-induced ductile-to-

brittle transition (DBT). Fractured surface morphology

investigations revealed that the failure mode of the

composites undergo a systematic transition from matrix-

controlled shear deformation to filler-controlled quasi-

brittle modes above a cenosphere loading of 10 wt% in the

composites reiterating the possibility of filler-induced

semiductile-to-DBT transition.

Introduction

Tough polypropylene (PP) has an attractive price and

exhibits good mechanical properties and thermal resis-

tance. However, the moderate fracture performance, espe-

cially at sub-ambient temperatures, has always been an

obstacle for both engineering and less demanding com-

modity and structural applications. Conventionally, the

low-temperature impact resistance of PP is usually

improved by melt blending (incorporation of various

elastomers into PP) or by copolymerization techniques (via

in situ formation of a dispersed elastomer phase within the

PP matrix), though such an advantage is met at the cost of

material modulus (E) and strength (ry). Typically, to

improve the stiffness-to-toughness balance of elastomer-

toughened PP, fillers (e.g. talc, calcium carbonate) or

reinforcing fibres (e.g. short glass fibres) are added. Rigid

and hollow spherical fillers such as glass beads or flyash-

derived cenospheres also prove to be effective in enhancing

the stiffness. Interestingly, the regular spherical shape of

such potential fillers make them an excellent choice since

the mechanical response of their composites are expected

to be isotropic and thereby making them suitable systems

for modeling and theoretical studies. However, poor

incompatibility between the hydrophobic polymer and

hydrophilic flyash (FA) cenospheres may lead to inferior

interfacial adhesion causing inappreciable performance

benefits. In contrast, the hydroxyl groups on flyash (FA)
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cenosphere surface may cause cluster or agglomeration

tendency between themselves leading to strong filler–filler

interaction in the matrices, a situation causing non-uniform

macroscale distributions consequentially giving rise to

mechanical anisotropy [1–3].

Therefore, flyash–flyash–cenosphere-filled polymer

composites have been extensively investigated concerning

effects of particle size and surface treatments of filled

polyesters [4], correlation of structural and mechanical

properties of filled isotactic PP [5], solvent resistance and

weather resistance of filled unsaturated polyesters [6], the

selective response to several tribological situations such as

two-body abrasion [7], three-body abrasion [8], erosion [9]

and friction braking [10], damping properties of filled epoxy

[11–13], effects of multi-component compounding [14],

conductivity of poly-pyrrole-based composites [15] and

compressive and ultrasonic properties of filled polyesters

[16]. In addition, the microstructural interpretations of

flyash/cenosphere-based composites under uniaxial tensile

loading have conventionally been greatly emphasized [17–

19]. However, the pragmatic performance evaluation of

cenosphere- or flyash-filled composites, before their being

declared as an alternative material concept for several

structural and mechano-functional applications, needs to be

critically assessed using fracture mechanics principles to

qualitatively/semi-empirically reach at an ideology of

enhanced fracture resistance with individual attention to

crack initiation and crack propagation phenomena.

In the light of the above, this study makes an attempt to

investigate the fracture behaviour of cenosphere-filled PP

composites using pre-notched artificially pre-cracked

specimens in uniaxial tension mode following the essential

work of fracture (EWF) approach based on post-yield

fracture mechanics (PYFM) concept. The method theoret-

ically enables the separation of the two energy related

terms corresponding to crack initiation in the inner fracture

process zone and crack propagation in the outer plas-

tic deformation zones. Mechanistically, the two stages

of crack growth, i.e. initiation and propagation, have a

quantitative correspondence to EWF and non-essential

work of fracture (NEWF), respectively. The conceptual

validity of EWF methodology has already been established

in several PP-based homopolymer grades, blends, com-

posites and alloy systems [20–25].

Experimental

Preparation of PP/cenosphere composites

The details of the materials selected and the processing

conditions are given in Tables 1, 2, 3, and 4. The mixing of

the two ingredients for the fabrication of the composites

was carried out in a counter-rotating-type (S.K. Dey Make-

2008) twin-screw extruder. The counter-rotating-type twin-

screw extruder was used instead of the conventionally used

co-rotating twin screw extruder to facilitate the slippage of

cenospheres against each other in the melt and thereby

assisting in the process of aggregates break-up and better

dispersive mixing. The continuous strands thus obtained

were later chopped in a granulator and subsequently kept

Table 1 Data sheet of raw materials and their characteristics

Raw materials Grade Supplier Characteristics

Polypropylene homopolymer REPOL H110MA Reliance Industries Limited Density (q) = 0.91 g/mL; Tm (�C) = 220 �C;

MFI (g/10 min) = 11 @ 230 �C, 2.16 kg

Cenosphere CS-300a Micro Minechem India Pvt. Ltd. Particle density = 0.45–0.80 g/mL; Particle size =

60–300 lm; Light grey powder; Non-soluble

in water; Tm = 1300–1500 �C

a The cenospheres are spherical and are free of any surface irregularities which typically occur due to attached tapered/needle/flake-like

impurities onto the surface of flyash cenospheres. These irregularities were scrubbed-off to obtain surface irregularity-free hollow microspheres

which are referred as cenospheres

Table 2 Extrusion temperature profile

Zones Z-1 Z-2 Z-3 Z-4

Temperature (�C) 190 210 230 240

Table 3 Temperature profile set in injection molding machine

Zones Feed Z-1 Z-2 Z-3 Z-4

Temperature (�C) 35 175 185 200 220

Table 4 Processing parameters used in injection molding machine

Process parameters Values

Injection pressure 5 MPa

Injection speed 30 mm/min

Holding time 14 s

Back pressure 0.5 MPa

Cooling time 18 s

1964 J Mater Sci (2011) 46:1963–1974

123



for drying in the oven before injection molding (L&T

Demag make) of the same to obtain plates of 80 mm 9

80 mm square plates of 1-mm thickness. Rectangular strips

of 80 mm 9 20 mm 9 1 mm were cut from these plates

for fracture mechanical investigations and samples of

35 mm 9 15 mm 9 1 mm plates were cut for DMA

studies. The details of the composite designations are given

in Table 5.

Structural characterization/2D wide angle X-ray

diffraction (WAXD)

Wide angle X-ray diffraction (WAXD) was carried out on

the extruded granules (quasi-isotropic sample) to charac-

terize crystallinity and orientation in the samples, apart

from investigating the changes in the peaks corresponding

to different crystal planes as a function of cenosphere

content. The semi-crystalline PP matrix and cenospheres as

Mg–Na–Al mixed silicates having crystal planes as PP

lamellae and the silicate planes cause diffraction of X-rays.

The measurements were done on an X-pert PRO (Netherland)

model-PW 3040-60 X-ray diffractometer of PAN analyti-

cal using Ni-filtered Cu Ka radiation of 1.54 Å. The

crystallinity was evaluated by applying the peak-area

integration method in the range of 2h = 10–35� (as typical

for PP) by applying an amorphous scattering curve that was

realized by experimental and theoretical experiences.

Polarized light optical microscopy

Polarized light optical microscopy of the pure PP and the

cenosphere-filled compositions were carried out on a hot-

stage Instec HCS-302 (Meiji Techno-Japan) microscope in

a cooling mode to investigate the nature of spherulite

growth and the size of the spherulites. The microscope has

a camera of 2 mega-pixel resolution with a maximum

magnification of 20.

Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) measurements have

been carried out on the composite test specimens with

dimensions of 35 9 15 9 1 mm3 in tensile mode on a

Q800 (TA Instruments, USA) to characterize the storage

modulus, loss modulus, and tan d for qualitatively inves-

tigating the reinforcement effects and quantitatively

ascertaining shift (if any) in glass transition temperature of

the composites in the temperatures ranging between -30

and 165 �C at a frequency of 1.0 rad/s and heating rate of

5 K/min.

Essential work of fracture (EWF) measurements

The EWF was determined using rectangular injection

moulded bars of 80 mm 9 20 mm 9 1 mm dimension

which were cut from injection moulded plates of

80 mm 9 80 mm 9 1 mm dimension. The rectangular

bars were cut in such a manner that the injection molding

direction and the direction of the application of uniaxial

tensile force onto the bars remained identical. The samples

were pre-notched with different ligament lengths varying

from *2–9 mm. The fracture of these pre-notched speci-

mens was carried out using a universal tensile testing

machine (Zwick Z010) under constant extension speed to

obtain individual load–displacement curves. The EWF

method has been used since it methodically enables the

distinguishing between two terms representing the resis-

tance to crack initiation (we) and resistance to crack

propagation (bwp) corresponding to inner fracture process

zone (IFPZ) and outer plastic deformation zone (OPDZ).

The applicability of EWF to filled thermoplastic polymer

composites, nanostructure polymers and nanocomposites

has been well demonstrated in the literature [20, 26–28].

The precondition for the validity of EWF approach has

been demonstrated by the self-similarity nature of the load–

displacement diagrams of these composites. In this study,

the fracture mechanical tests (test speed: 1 mm/min, room

temperature) were performed on double-edge-notched

tension (DENT) specimen by a universal testing machine

with mechanical grips (Z010 Zwick). The clamp distance

was 40 mm. For notching, a special device with fresh razor

blades (notch tip radius of 0.20 lm) was used to realize

that both notches are similar sized. For each material, at

Table 5 Details of the composition, designation and crystallinity of the PP–Cenosphere composites

Serial. no. Composition

designation

Polypropylene

(wt%)

Cenosphere

content (wt%)

Crystallinitya (%)

1 PPC-0 100 0 67

2 PPC-5 95 5 59

3 PPC-10 90 10 56

4 PPC-15 85 15 50

5 PPC-20 80 20 49

a The crystallinity (%) values of the composites are based on Differential Scanning Calorimetry (DSC) measurements
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least eight specimens were tested with different ligament

lengths between *2 mm and *9 mm.

For plane-stress conditions, the total work of fracture

W (KJ/m2) dissipated in a notched specimen can be divided

into a component We characterizing the IFPZ and another

one Wp corresponding to an OPDZ as schematically shown

in Fig. 1. Therefore,

W ¼ We þWp ¼ we � B � lþ bwp � B � l2 ð1Þ

where B, l and b are the specimen thickness, the ligament

length and the shape factor of the plastic zone, respectively.

After dividing W by the ligament (notched) area, i.e. B. l,

the specific work of fracture w is obtained. The relationship

may be represented as

w ¼ we þ bwp � l ð2Þ

where the quantities, we and bwp, are in N/mm and N/mm2

units, respectively.

Based on the fact that the intrinsic fracture process takes

place in the inner fracture process zone (IFPZ), the term

EWF, the essential work of fracture, is experimentally

determined by extrapolation of w as a function of l to zero

ligament length. For the quantitative determination of these

fracture parameters (we and bwp), several similar-sized

specimens with different ligament lengths are monotoni-

cally loaded to obtain several data points in the plot of

w versus l, the intercept and the slope of which give rise to

we (EWF: resistance to crack initiation) and bwp (NEWF:

resistance to crack propagation).

Fractured surface morphology

The post-yield fractured surface morphologies of virgin PP,

cenosphere-filled PP composites, have been investigated

using scanning electron microscopy (SEM) on a Zeiss

EVO-50 electron microscope to analyse the associated

failure mechanisms and structural integrity of such multi-

phase microcomposite materials. The surfaces of the

specimens were gold sputter coated before examination to

make the surfaces conductive.

Results and discussion

Structural characterization by 2D wide angle X-ray

diffraction (WAXD)

The structural characteristics of the PP/cenosphere com-

posites have been made from WAXD on extruded granules

and SEM studies on cryo-fractured specimen surfaces as

has already been reported in previous study by the authors

[29]. The uniform distribution/dispersion of cenospheres in

the PP matrix of the composites has already been reported

therein. The X-ray diffractogram (XRD) plots in terms of I

versus 2h measured in the 2h range of *10–35� are shown

in Fig. 2. The pure PP is characterized by the intense and

prominent peaks assigned as a, b, c, d and e with the peaks

a and b being accompanied by low intensity shoulder

peaks. The details of Bragg-diffraction angles and the

corresponding d-spacing for the various peaks marked in

Fig. 2 are given in the figure caption. Interestingly,

Fig. 1 Double-edge-notched tension (DENT) specimen showing

inner fracture process zone (IFPZ) and outer plastic deformation

zone (OPDZ)

#16.5[°]; 5.37[A°] , *20.7[°]; 4.29[A°] , ^23.9[°]; 3.72[A°], $26.7[°]; 3.34[A°] 
a:15.0[°]; 5.92[A°], b:17.0[°]; 5.19[A°], c:17.8[°]; 4.96[A°], d: 19.5[°]; 4.56[A°],
e:22.8[°]; 3.90[A°], f: 26.3[°]; 3.38[A°] 

Fig. 2 X-Ray diffractograms (XRD) of PP cenosphere composites
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cenosphere is characterized by the peak flanked by the

peaks a and b which are relevant to pure PP. In addition to

these peaks, two cenosphere-specific peaks have been

observed to be surrounding the peak d. The most intense

peak of cenosphere has been observed to be overlapping

peak e of PP. These observations inevitably indicate that

the incorporation of cenosphere may have caused structural

reorganization of the crystalline regions of PP as inferred

from the appearance of distinct peak-splitting of the two

intense peaks b and d accompanied by a reduction in

intensity with the increase in cenosphere content. This

clearly indicates that the crystalline phase/orientation (of

the polymer chains) is appreciably affected due to the

cenosphere incorporation though it remained inappreciably

influenced by the cenosphere content. Such observations

apparently imply the tendency of the crystalline phases for

being more disorganized, causing a reduction in the

intensity levels [29]. The crystallinity of the various com-

posites as well as that of the virgin PP was determined by

area (based on approximation of crystalline and amorphous

area) integration technique. The percentage crystallinity

systematically decreased with the increase in the ceno-

sphere content as shown in the Table 5. The influence of

cenosphere on the variation of crystallinity and its conse-

quent effects on structural, mechanical and micromechan-

ical properties have already been discussed in a previous

article by the authors [29].

Polarized light optical microscopy

The polarized light optical microscopy images of the var-

ious compositions are shown in Fig. 3. The PLOM of the

virgin PP and the composites were carried out on a hot-

stage microscope, allowing the hot polymer melt above its

melting point (165 �C) and to be slowly cooled down to

120 �C. The cooling down process of the melt enables the

growth of the crystalline domains from a purely amorphous

melt stage. The photo micrographs revealing the growth of

the crystallites units referred as spherulites are shown in

Fig. 3. It was observed that in terms of size scale the

spherulites suffered a threefold reduction with the incor-

poration of 10 wt% of cenosphere as compared to that of

pure PP. In case of pure PP, the size (diameter) of the

spherulite is found to be *94 lm which decreased to

*36 lm in case of PPC-5 and to a further decreased size

of *30 lm in case of PPC-10. However, on increasing the

level of cenosphere loading further into the composites, the

spherulites size gradually increased to *50 lm and

*46 lm for PPC-15 and PPC-20, respectively. This

inevitably indicates that the incorporation of alumino-sili-

cate-based rigid hollow microspheres such as cenospheres

promotes a faster nucleation. The absence of the peak

corresponding to b-PP crystalline phase, as has already

been observed from the WAXD plot, further indicates that

the cenospheres are strongly a-nucleating [30]. The sub-

stantial extent of spherulite size reduction in case of

PPC-10 leads to a consequential decrease in the width of the

inter-spherulitic grain boundaries [30–32]. Such a decrease

contributing to enhanced resistance to crack propagation has

been well illustrated in the literature for several other filled

polymer systems. Conceptually, smaller spherulites pro-

mote faster energy dissipation ability and contribute to

deceleration of crack propagation kinetics [33].

Dynamic mechanical analysis

The results from solid state dynamic mechanical response

in terms of variation of storage-modulus (E0) and loss-

modulus (E00) with temperature are shown in Fig. 4a and b

and have already been discussed in detail in our earlier

published article [29]. The variation of E00 with temperature

as shown in Fig. 4b shows that the magnitude of E00

increases substantially with the incorporation of 10 wt%

(PPC-10) of cenospheres leading to a maximum, which,

however, is followed by a decrease with further increase in

cenosphere content. In the entire composition range, E00

remained in between that of the PPC-10 and pure PP. Such

a thermo-mechanical response qualitatively indicates the

enhancement in the energy dissipation ability of the com-

posite PPC-10. Further, the earlier discussed observation of

a threefold reduction in the spherulite size in PPC-10

compared to that of PP additionally supports the possibility

of an enhancement in the energy dissipation ability (lead-

ing to a maximum in PPC-10) followed by a significant

reduction in the composites with a cenosphere content of

C10 wt%. Thus, it theoretically implies a possible transi-

tion in terms of their response to isotropic stress. However,

the effect of incorporation of cenosphere has rendered

the primary transition temperature of the composites

nearly unaffected as revealed from the loss-modulus (E00)
curves in Fig. 4b. The combination of high modulus

(*13–17 GPa) and microsphere dimensions (*60–300 lm)

of cenospheres makes them potentially effective as rein-

forcement for polymers. The storage modulus (E0) versus

temperature as plotted in Fig. 4a shows an enhancement of

the modulus (with a conceptual correspondence to stiff-

ness) with the increase in the amount of cenosphere, an

observation which is well in accordance with theoretical

expectation that is typical for rigid spherical particle-filled

composites. The extent of increase of storage modulus is

relatively high with increasing cenosphere content at

lower/sub-zero temperatures i.e. in the range between

-25 �C and 0 �C, whereas such an increase is not so

pronounced at elevated temperatures. For example, at room

temperature, the increase of E0 of the composite with

20 wt% cenosphere is *26% compared to PP matrix

J Mater Sci (2011) 46:1963–1974 1967
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whereas at -10 �C an increase of *31% in the E0 for

the same composition has been observed compared to

neat PP.

Fracture behaviour of the microcomposites

Load–displacement diagrams and the validity of EWF

approach

In general, PP/cenosphere composites have shown ther-

moplastic behaviour, and the validity of the EWF

methodology through the self-similar nature of the force–

displacement curves is shown in Fig. 5a (e.g. PPC15). On

the other hand, the plane-stress criterion was confirmed by

Hills analysis [27] which revealed that the net section stress

remained independent of the ligament length which is

shown in Fig. 5b. Full yielding of the ligament in the

DENT specimens occurred at maximum load (Fmax) and

before crack propagation started, a pre-conditional aspect

for the applicability of EWF principles, which was visually

ensured. Clearly, this behaviour observed for these com-

posite systems is well in agreement with conditions for the

validity of EWF concept. The method of determination of

Fig. 3 a Polarized light optical microscopy image of PP at a

temperature 120 �C. b Polarized light optical microscopy image of

PPC-5 at a temperature 120 �C. c Polarized light optical microscopy

image of PPC-10 at a temperature 120 �C. d Polarized light optical

microscopy image of PPC-15 at a temperature 120 �C. e Polarized

light optical microscopy image of PPC-20 at a temperature 120 �C

1968 J Mater Sci (2011) 46:1963–1974
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fracture parameters from the plot showing the linear vari-

ation of specific work of fracture with ligament length is

exemplified for PPC-15 composition in Fig. 5c, where the

slope and intercept corresponds to EWF (we) and NEWF

(bwp), respectively.

Morphology–work of fracture–toughness correlation

The crack resistance/toughness aspects have been investi-

gated following EWF concept, where EWF: we and NEWF:

bwp intrinsically correspond to the resistance against crack

initiation and crack propagation, respectively. The con-

ceptual equivalence of J-integral approach to the slope of

the linear-fit plot of specific work of fracture against the

ligament length representing bwp has already been dem-

onstrated originally in the literature [28] and in another

prominent study by Lach et al. [25]. The equivalence

between EWF concept and R-curve concept using the

J integral has been shown by Mai and Cotterell [20, 28].

The correlation of PYFM concept to that of the elastic–

plastic fracture mechanics (EPFM) concept may be well

illustrated as

EWF ¼ JIc ð1Þ

where the critical J values may be taken as a measure of the

stable-crack initiation toughness and

bwp ¼ 1=4 dJ=da for DENT specimensð Þ

where dJ/da is the slope of the J–R curve (a—actual crack

length).

Several investigations have led to these findings and

confirmed experimentally corresponding to EWF and bwp

[34] or numerically (EWF) [35].

The variation in EWF with cenosphere concentration is

shown in Fig. 6a. It has been clearly observed that the

magnitude of EWF is decreased gradually with addition of

cenosphere loading. However, a sharp drop in EWF could

be observed on addition of 10 wt% of cenosphere indi-

cating a decreased resistance to crack initiation. The slope

of the linear regression fit of the data points in the plot of

specific work of fracture versus ligament length represents

the NEWF (bwp) which increases by *18% on incorpo-

ration of 5 wt% of cenosphere as compared to pure PP

(Fig. 6b). Interestingly, on further increasing the amount of

cenosphere to 10 wt%, bwp increased sharply when com-

pared to the composite with 5 wt% cenosphere. Quantita-

tively, the sharp rise in the magnitude of bwp of the

composite with 10 wt% of cenosphere loading was regis-

tered to be *215% when compared to pure PP. However,

on further increasing the cenosphere loading in the com-

posites to 20 wt%, the magnitude of bwp suffered a sig-

nificant drop, which is almost equivalent to the extent of

enhancement at 10 wt% of cenosphere content. The exis-

tence of such a non-linear dependence of bwp on the

content of cenosphere indicates a cenosphere-induced

ductile-to-brittle transition (DBT) in the investigated

composites. Qualitatively, the initial enhancement in

toughness/resistance to crack propagation till 10 wt% of

cenosphere loading in the composites may be attributed to

inherent morphological changes/reduction in the size of the

crystalline domains (spherulites) as shown in the plot of

bwp versus inverse of spherulite radius (Fig. 7). A direct

correlation between toughness as indicated by the magni-

tude of bwp and the inverse of spherulite size has been

observed that the resistance-to-crack propagation may be

fundamentally controlled by interfacial effects-assisted

crystallization kinetics of PP–cenosphere composites.

Fig. 4 a Dynamic mechanical properties of PP–Cenosphere com-

posites: Storage modulus (E0) as function of temperature; Storage

moduli of the various composites @ 30 �C (i) PP = 1740 MPa,

(ii) PPC5 = 1986 MPa, (iii) PPC10 = 1879 MPa, (iv) PPC15 =

2216 MPa and (v) PPC20 = 2303 MPa. b Dynamic mechanical

properties of PP–Cenosphere composites: Loss modulus (E0 0) as

function of temperature
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Mechanistically, the subsequent drop in the magnitude of

bwp may be attributed to the clustering of the cenosphere

particles/filler agglomeration causing weakened interfacial

adhesion as has been observed from the fractured surface

morphologies which will be discussed in the subsequent

section. The agglomerations of fillers potentially cause a

reduction in the nucleation ability of the censopheres leading

to increased average size of the spherulites (Fig. 3). The role

of filler agglomeration in causing restricted plastic defor-

mation in case of filled elastomers and brittle failure in case

of filled thermoplastics is exhaustively reported [21].

The crack opening displacement (COD) has been cal-

culated based on the empirical relationship,

we ¼ MryCOD

where ry is the yield stress and M is the plastic constrain

factor which is taken as 1.15 for DENT specimen [20, 36].

The COD as a function of the cenosphere content is plotted in

Fig. 8 and exhibits a similarity in the trend to that of we. The

COD decreased (like we) with the increase in the cenosphere

content to 5 wt%, while on increasing the content to 10 wt%

the COD sharply decreased and subsequently showed a

decreasing trend as the concentration of cenosphere was

increased further. Conceptually, COD is a measure of the

inherent resistance of the material to stable crack propaga-

tion/extension by crack blunting before full-scale initiation

(alternatively, COD is related to deformation capacity of the

material) and is related to the size of outer plastic deforma-

tion zone in the post-yield fracture process zone. The

observed local maximum in bwp at 10 wt% cenosphere

which has an inverse correspondence to the COD and direct

resemblance to we primarily indicates that the crack propa-

gation/extension behaviour in these composites are con-

trolled by the initiation-blunting of the advancing crack in

the frontal process zone. The fracture surface morphology,

which will be described in detail in the next section, shows

Fig. 5 a Self-similarity of Load-displacement diagram as exemplified by PPC-15 for various ligament lengths. b Hill’s analysis plot: Net section

stress versus ligament length. c Variation of specific work of fracture with ligament length for PPC-15
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that within the concentration ranging from 5 to 10 wt%, the

primary cenosphere (dispersed particles in the as-moulded

specimens) particles start forming secondary structures or

clusters that entrap polymer chains in the domains closely

surrounded by cenosphere particles. The fraction of the

polymer domain entrapped amidst closely spaced censop-

heres undergoes severe plastic deformation under uniaxial

tensile loading of the DENT specimens causing viscous flow

of the entrapped-polymer phase which gets manifested via

fibril-like structures before failure at the microscopic level.

Similar dependence of the crack toughness behaviour has

also been reported in case of SBR/carbon black-, PVC/

CaCO3-, PMMA/silica-, PC/MWNT- and PP/MWNT-based

nanocomposites [34, 37–42].

The strong particle–particle interaction and their ther-

modynamic incompatibility with non-polar PP matrix act

as the driving force behind this kind of particle clustering at

higher filler concentrations. Such inhomogeneous distri-

bution might also cause high strain localization, which is

also attributed to the extreme modulus mismatch between

the cenosphere and the PP matrix. Thus, the PP/cenosphere

composites within the composition range of 5–10 wt%

cenosphere indicate possible composition window in which

the polymer-filler interaction builds up, while above

10 wt% cenosphere, two competitive events in the form of

polymer–cenosphere and filler–filler interactions become

the determinant factors for the crack-resistant behaviour.

At a concentration above 10 wt% cenosphere, the filler–

filler type network formation is kinetically favoured pro-

moting the cenosphere composites to undergo brittle failure

with unstable (high speed) crack propagation, which will

be investigated in future by resorting to the evaluation of

crack-propagation kinetics. Thus, these composites

undergo a double transition, i.e. semiductile-to-ductile and

ductile-to-brittle (together referred as a systematic com-

position-dependent semiductile-to-ductile-to-brittle transi-

tion) within the investigated composition ranges of

0–10 wt% and 10–30 wt% of cenosphere loadings,

respectively. This could be attributed to the fact that up to

the critical concentration range (5–10 wt%), the compos-

ites undergo preferably plastic deformation as the

mechanical deformation is less controlled by the dispersed

primary particles. Thus, the different crack toughness

behaviour of the composites with varied cenosphere con-

tents may be attributed to the change in cenosphere-

induced matrix morphology and filler matrix interactive

response.

Fractured surface morphology

The scanning electron microscopic of images of the post-

yield fractured surfaces of the selected compositions (with

0, 5, 10, 15 and 20 wt% cenosphere) to enable us study the

micro-deformation characteristics before the crack propa-

gation are shown in Fig. 9a–e. The unfilled PP and the

composites with 5–10 wt% cenosphere content have pri-

marily been observed to undergo low fracture-strain

semiductile-failure accompanied by plastic and shear

deformation/flow-induced fibril formation (Fig. 9a–c). The

volume of polymer that undergoes yielding determines the

total energy absorption and the ultimate mode of fracture in

case of filled thermoplastics. The fractured surface micro-

graphs of the composites with cenosphere content below

10 wt% reveal the presence of primary cenosphere parti-

cles indicating the absence of any filler-clustering phe-

nomenon. However, the composites with cenosphere

content of C10 wt% show the presence of secondary

structures formed by clustering of cenosphere particles.

Thus, the large scale plastic flow characteristics as

Fig. 6 a Variation of essential work of fracture (we) as a function of

cenosphere loading. b Variation of non-essential work of fracture

(bwp) as a function of cenosphere loading
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observed in unfilled PP and at low cenosphere concentra-

tion are greatly reduced in such composites with ceno-

sphere content of C10 wt%. This was clearly revealed

from the failure surface topography indicating small-scale

yielding of the polymer around the particle clusters shown

in Fig. 9c–e. The matrix–cluster interface in the fractured

surface contains large number of pullout strands/fibril-like

structures of matrix polymer indicating enhanced energy

dissipation aided by intrinsic bridging effect (via mechan-

ical restraints posed by the hollow and rigid microspheres)

ahead of the frontal crack propagation zone leading to

enhanced resistance to crack propagation/toughness maxi-

mum in case of the composite with 10 wt% of cenosphere

content.

Figure 9d and e show magnified view of such a cluster,

where the bridging effect and the presence of large number

of micro-voids at the interface are distinctly visible. The

formation of micro-voids around the particle clusters

facilitates inter-particle matrix yielding, thereby increasing

the toughness of filled polymers [42, 43]. Conceptually, the

absence of agglomerates/clusters favours multiple yielding

which eventually supports the dissipation of the deforma-

tion energy and, hence, cause the reduction in the crack

growth driving force. This observation of increased

toughness in case of the composite with 10 wt% ceno-

sphere content is in agreement with the observed DBT.

However, beyond 10 wt% loading of cenosphere, the

possibility of filler particles coming closer under uniaxial

tension favours agglomeration. In such cases, the crack

growth may occur at a much faster pace especially in a

scenario of filler agglomerates lying across the crack

Fig. 7 Morphology-Crack

toughness (bwp) correlation:

Dependence of (spherulite

radius)-1 and bwp on

cenosphere composites

Fig. 8 Variations of crack opening displacement (COD) with ceno-

sphere content
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propagation path causing premature low-energy failure i.e.

brittle failure mode [44, 45].

Conclusions

Fracture behaviour of cenosphere-filled PP composites is

investigated following the essential work of approach

(EWF) approach, and the validity of the principles of post

yield fracture mechanics (PYFM) preconditions has been

confirmed. A maximum in the non-essential work of frac-

ture (NEWF: bwp) indicating an enhancement in the

resistance to crack propagation at 10 wt% of cenosphere

content has been observed. A semiductile-to-ductile-to-

brittle transition has been observed in the cenosphere-filled

polypropylene (PP) composites, which was adequately

supported by the morphological/structural attributes and

dynamic mechanical analysis. The transition in the defor-

mation behaviour has also a correspondence with the

observed maximum in E00 in thermo-mechanical response

to isotropic stress situation. The semiductile-to-ductile-to-

brittle transition is in further agreement with the threefold

reduction in the spherulite size in PPC-10 compared to that

of PP. The crystallinity has been observed to decrease with

Fibrillation 

Plastic flow, Ductile 
deformation 

Clustering of 
cenospheres 

Centripetal  
clustering  

of cenospheres

(a)

(c)

(e)

(d)

(b)
Fig. 9 a Fractured surface

morphology of PP. b Fractured

surface morphology of PPC-5.

c Fractured surface morphology

of PPC-10. d Fractured surface

morphology of PPC-15.

e Fractured surface morphology

of PPC-20
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the increase in the cenosphere, and cenosphere as a filler

has been found to be a-nucleating. Fractured surface

morphology reveals a transition in the failure mode of the

composites from matrix-controlled shear deformation

mode to filler-controlled quasi-brittle mode above a ceno-

sphere loading of 10 wt% in the composites reiterating the

possibility of filler-induced semiductile-to-ductile-to-brittle

transition. Thus, our study conceptually, on one hand,

demonstrates the validity of EWF approach to unmodified

hollow and rigid-microsphere-filled PP systems as an

example for the study of crack toughness behaviour of

multicomponent composites with a higher extent of mod-

ulus mismatch between the matrix and the reinforcing

spherical filler, while on the other hand, it establishes the

mechanistic correlations of a systematic semiductile-to-

ductile-to-brittle transition to crystalline morphology

(spherulite) dimensions of semicrystalline thermoplastic

polymer matrix-filled composites.
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Jehnichen D (2008) Acta Mater 56(10):2247

34. Chen YH, Mai YW, Tong P, Zhang LC (2000) In: Williams JW,

Pavan A (eds) Fracture of polymers, composites and adhesion.

ESIS Publication, 27. Elsevier, Amsterdam, p 175

35. Arkhireyeva A, Hashemi S, O’Brien M (1999) J Mater Sci

34:5961. doi:10.1023/A:1004776627389

36. Hashemi S, Williams JG (2000) Plast Rubber Compos 29:294

37. Satapathy BK, Weidisch R, Poetschke P, Janke A (2005)

Macromol Rapid Commun 26:1246

38. Grellmann W, Caesar T, Heinrich G (1999) Kauts Gummi Kunst

52:37

39. Grellmann W, Heinrich G, Caesar T (2001) In: Grellmann W,

Seidler S (eds) Deformation and fracture of polymers. Springer,

Berlin, Heidelberg, p 479

40. Reincke K, Lach R, Grellmann W, Heinrich G (2001) In:

Grellmann W, Seidler S (eds) Deformation and fracture of

polymers. Springer, Berlin, Heidelberg, p 493

41. Lach R, Antonova GL, Grellmann W (2007) Polym Testing

26(1):51

42. Zeng XF, Wang WY, Wang GQ, Chen JF (2008) J Mater Sci

43:3505. doi:10.1007/s10853-008-2475-7

43. Seelig T (2004) On micromechanical modeling of toughening

mechanisms and failure in amorphous thermoplastic polymer

blends. Vom Fachbereich Mechanik der Technischen Universitat

Darmstadt genehmigte Habilitationsschrift

44. Haworth B, Raymond CL, Sutherland I (2001) Polym Eng Sci

41:1345

45. Kinloch AJ, Young RJ (1983) Applied science. London

1974 J Mater Sci (2011) 46:1963–1974

123

http://dx.doi.org/10.1023/A:1013781927227
http://dx.doi.org/10.1007/s10853-009-3839-3
http://dx.doi.org/10.1007/s10853-009-3839-3
http://dx.doi.org/10.1007/BF00352802
http://dx.doi.org/10.1007/BF00352802
http://dx.doi.org/10.1007/s10853-008-3165-1
http://dx.doi.org/10.1023/A:1024752508458
http://dx.doi.org/10.1023/A:1024752508458
http://dx.doi.org/10.1016/j.matdes.2010.08.041
http://dx.doi.org/10.1016/j.matdes.2010.08.041
http://dx.doi.org/10.1023/A:1004776627389
http://dx.doi.org/10.1007/s10853-008-2475-7

	Ductile-to-brittle transition in cenosphere-filled polypropylene composites
	Abstract
	Introduction
	Experimental
	Preparation of PP/cenosphere composites
	Structural characterization/2D wide angle X-ray diffraction (WAXD)
	Polarized light optical microscopy
	Dynamic mechanical analysis (DMA)
	Essential work of fracture (EWF) measurements
	Fractured surface morphology

	Results and discussion
	Structural characterization by 2D wide angle X-ray diffraction (WAXD)
	Polarized light optical microscopy
	Dynamic mechanical analysis

	Fracture behaviour of the microcomposites
	Load--displacement diagrams and the validity of EWF approach
	Morphology--work of fracture--toughness correlation
	Fractured surface morphology

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


