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ABSTRACT: Scanning electron microscopy (SEM) was employed to investigate crack initiation and propagation process in notched

and unnotched Izod impact fracture surfaces of the cellulose nanofiber (CNF) and microfibrillated cellulose (MFC)-filled polypropyl-

ene (PP) composites compared with microcrystalline cellulose (MCC)-filled composites. CNF is in the form of short fibers 50–300

nm in diameter and 6–8 in aspect ratio, MFC is in the form of long fibrils 50–500 nm in diameter and 8,000–80,000 in aspect ratio,

and MCC is in the form of particles 50 lm in average diameter and 1–2 in aspect ratio. The reinforcement material size of CNF and

MFC are smaller than that of MCC which means that the larger interfacial area between filler and matrix leading to larger energy

dissipation at the interface during the impact fracture. The reinforcement-matrix debondings nearby MCC particles caused easy

crack propagation which contributes smaller energy dissipation at the interface. A slip-stick behavior and stress whitened area during

the fracture were observed. Morphological investigation helps to explain impact fracture behavior. According to essential work of frac-

ture (EWF) analysis of Izod impact results, EWF method is applicable to analyze impact fracture behavior and the energy consumed

in crack initiation and propagation during the fracture process can be calculated. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000:

000–000, 2012
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INTRODUCTION

Cellulose is an abundant organic resource used as a natural

reinforcement material to reinforce composites; its overall prop-

erties are comparable with other inorganic reinforcements. It

has been found that cellulose-reinforced composites have desira-

ble mechanical properties.1 In addition, the low cost of cellulose

relative to inorganic materials, its relative high-strength, high

stiffness and low density are positive properties. Therefore, nat-

ural reinforcement material can be a replacement for synthetic

reinforcements to reinforce plastics used in the automotive

industry, packaging, and furniture production.2 Considerable

effort has been devoted in recent years to the research and de-

velopment of materials that utilize cellulose fibers as the load

bearing constituents for various polymeric composites.3 Since

cellulose represents the primary structural component of plants4

and has positive attributes such as renewability and biodegrad-

ability, there are major incentives for exploring new uses.5

Cellulose nanofibrils are emerging as an important new applica-

tion of cellulose in reinforcing materials. Generally, cellulose

nanofibers (CNF) are the elementary assemblies of distinct poly-

meric units based on glucopyranose that can have diameters on

the order of tens of nanometers and constitute a fiber of the

strand. Their unique structural aspects give them unique tensile,

optical, electrical, and chemical properties unlike their macro-

scopic counterparts such as microfibers or larger structures.6 The

term ‘‘fibril" has been used by various researchers to describe rel-

atively long and very thin pieces of cellulosic material.3,7–11

Meanwhile, the term ‘‘nanofibers" has come into increasing use,

which helps to emphasize cases where very small cellulosic

fibrous materials can display behavior and functionality that dif-

fer from what has been observed with larger cellulosic fibers.6

Polyolefins are relatively low cost polymers and when reinforced

with low cost lignocellulosic fillers, properties can be achieved

which correspond to more expensive engineering polymers.12

Polypropylene (PP) is suitable as a matrix polymer because of

its low price and favorable properties such as stiffness, light

weight, weathering ability, design flexibility, and mechanical

properties.1 To improve the competitiveness of PP for engineer-

ing plastic applications, it is an important objective in PP com-

pounding to simultaneously increase its dimensional stability,

heat distortion temperature, stiffness, strength, and impact re-

sistance without sacrificing easy processing.13 Certain composite

applications need high modulus and brittleness, but others need

good stiffness and ductility. Fracture toughness and impact
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resistance are among the most important mechanical properties

of a material when impact loading is applied. Determination of

fracture characteristics, therefore, is extremely important.14

Especially for applications in motor vehicle exteriors such as

bumpers and impact-resistant panels, fracture initiation, and

propagation mechanisms are a key factor of a material’s prop-

erty requirements. There are few reported investigations dealing

with analyses of the individual stages of the fracture process

under impact loading applications.14–17

The significant increase in modulus of elasticity of cellulose

nanofibril-reinforced thermoplastic polymer composites is rec-

ognized and is reasonably understood. However, an understand-

ing of the toughness behavior is still fragmented and less exam-

ined. It is important to examine impact toughness considering

that the majority of semicrystalline polymeric materials such as

PP are ductile at low strain rates, but at high strain rates such

as those experienced in an Izod impact test, these materials ex-

hibit brittle behavior. Thus, the study of impact toughness at

higher strain rates is of particular interest and relevant because

yield stress increases with strain rate, promoting a brittle mode

of fracture.18

In an impact strength analysis study19, the impact properties of

CNF and microfibrillated cellulose (MFC)-filled PP composites

were evaluated and compared with microcrystalline cellulose

(MCC)-filled composites including discussion of individual

impact energy behavior during fracture. The impact resistance

of the material was analyzed by newly developed ‘‘characteristic

impact resistance model’’ as additional analysis technique com-

pared with conventional impact property analysis. CNF was the

most excellent material among the others in terms of both

impact resistance and characteristic impact resistance because

the size of CNF is smallest and the shape is short rod-like form

leading to a largest interfacial area. MFC-filled composites ex-

hibit lower impact resistance than MCC-filled composites in

terms of conventional impact resistance but MFC is better in

terms of characteristic impact resistance. Scanning electron

microscopy (SEM) was used in this study for structure

determination of the composites using various natural fillers as

reinforcements.20 In all studies, fracture surfaces of cellulose

nanofibril-filled PP composite samples were generated and

coated to avoid charging.

The essential work of fracture (EWF) theory has already been

used widely to analyze the fracture behavior of composite mate-

rials21–29 and it is also useful to investigate fracture initiation

and the propagation process of composite materials. The tough-

ness of the materials is generally characterized by standard

impact tests, such as notched and unnotched Izod or Charpy

impact tests but the fracture energies obtained by these tests are

depend on sample dimensions, crack geometry, and rate of

deformation etc. The differences and similarities between Izod

impact and DDENT (deeply double edge-notched tension) test

will be discussed because this study applied EWF method to an-

alyze Izod impact behavior of the material.

In this study, SEM was employed for the morphological charac-

terization of the impact fracture surfaces. Also, the EWF analysis

was adapted to the Izod impact test results by means of notched

impact test results. From the EWF analysis, the amount of

energy consumed to initiate as well as propagate fracture can be

calculated. The purpose of morphological study is to help

describe the impact fracture mechanism of composites using

SEM micrographs.

EXPERIMENTAL

Materials

Matrix Polymer. The PP used as the thermoplastic matrix poly-

mer was supplied by Polystrand Co. (Montrose, CO), in the

form of impact modified copolymer pellets with a density of

900 kg/m3 and a melt flow index of 35 g/10 min (230�C/2160
g). Its commercial product name is FHR Polypropylene

AP5135-HS; it was stored in sealed packages.

Reinforcements. The cellulose materials used as natural rein-

forcements in the composites were MCC for comparison pur-

poses, CNF and MFC. The product name of the MCC was

Sigmacell
VR

Cellulose Type 50 supplied by Sigma-Aldrich Co. (St.

Louis, MO), CNF was Arbocel Nano MF 40-10 supplied by J.

Rettenmaier & S€ohne GMBH Co. (Rosenberg, Germany) and

the MFC was Lyocell L010-4 supplied by EFTecTM Co. (Shelton,

CT). CNF was in the form of a suspension with a solids content

of 10 wt %. MFC was in the form of a wet fiber web with a sol-

ids content of 15 wt %. CNF is in the form of rod-like short

fibers 50–300 nm in diameter and 6–8 in aspect ratio, MFC is

in the form of long fibrils 50–500 nm in diameter and 8,000–

80,000 in aspect ratio, and MCC is in the form of particles 50

lm in average diameter and 1–2 in aspect ratio. The MCC was

stored in sealed containers after being oven-dried for 24 h at

103�C. The CNF and MFC were stored in a refrigerator at

5–10�C in sealed packages before being used.

Sample Preparation

The MCC was dried to a moisture content of less than 1 wt %

using a forced air oven at 103�C for at least 24 h and then

stored in sealed containers in an environmental chamber before

compounding. The CNF and MFC were stored in sealed con-

tainers in a refrigerator before compounding. A Brabender

(Duisburg, Germany) Prep-mixer
VR

was used to compound the

MCC, CNF, and MFC with the PP, with the latter being used as

a matrix polymer. During the CNF and MFC mixing with PP,

the cellulose nanofibril suspension and wet fiber webs were

slowly and carefully fed into the bowl mixer in very low

amounts such as couple of milligrams for each attempt, other-

wise the water would evaporate explosively and violently. This

procedure took 8 min. The MCC powder was slowly fed into

the bowl mixer for 2 min. The process temperature and torque

changes were measured in real time. The sample preparation

procedure consisted of three general processes, viz. melt blend-

ing, grinding, and injection molding. Compounding was per-

formed at 190�C for 40 min including cellulose reinforcement

feeding time with a screw speed of 60 rpm. After being oven-

dried for at least 24 h at 103�C, the blended mixture was granu-

lated using a laboratory scale grinder; the ground particles were

stored in sealed packs to avoid unexpected moisture infiltration.

Five levels of reinforcement loading (1, 2, 3, 4, and 8 wt %) for

MCC, CNF, and MFC were used in the Izod impact strength

measurement and composites containing 3 wt % of
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reinforcement were chosen to investigate SEM micrographs.

Ground particles were stored in sealed containers in an environ-

mental chamber prior to injection molding. The samples used

for the Izod impact tests were injection molded at 246�C, using
an injection pressure of 17.25 MPa. Since the mixture was kept

just 10 sec in the injection molding machine, such a high tem-

perature is needed to be melted effectively and there was no evi-

dence of thermal decomposition. The width, length, and depth

of the impact test samples were in accordance with ASTM D

256-06. The impact sample was directly obtained by injection

molding because there is custom made mold exactly fits the

sample size in ASTM D 256-06. After injection molding, the

test samples were conditioned before testing at 23 6 2�C and

50 6 5% RH for at least 40 h according to ASTM D 618-99.

Test Methods

Izod Impact Tests. Notched and unnotched Izod impact

strength tests were conducted using a Ceast pendulum impact

tester (Model Resil 50B) according to ASTM D 256-06 at 23 6

2�C and 50 6 5% RH in the environmentally conditioned me-

chanical testing room. Each value obtained represented the aver-

age of six samples and in the case where COV (coefficient of

variance) exceeded 5%, the number of samples was increased to

20.

Scanning Electron Microscopy (SEM). Studies on the mor-

phology of the Izod impact fracture surfaces of the composites

were carried out using an AMR 1000 (AMRay Co., Bedford,

MA) scanning electron microscope (SEM). Images were taken at

10 kV with 20�, 2000�, and 12000� SEM micrograph magnifi-

cations. All samples were sputtered with gold before the micro-

scopic observations were obtained.

Essential Work of Fracture (EWF) Theory

The EWF theory has been widely used to analyze composite

materials’ fracture behavior and fracture resistance since the first

EWF protocol30 and it is useful to investigate the fracture initia-

tion and propagation process of composite materials. In this

study, the EWF concept was adapted to the Izod impact test

results by using impact resistance and fracture initiated zone

length. Basically the DDENT (deeply double edge-notched ten-

sion) test is based on tensile load with controlled fracture initia-

tion zone length which is ligament length. But in the case of

Izod impact test, the fracture initiation zone length cannot be

controlled but only can be measured after fracture occurred,

therefore ligament length (l) in EWF theory replaces fracture

initiation zone length in this study but both the Izod impact

fracture and DDENT fracture are involved in the stress whit-

ened area which is the fracture initiation zone as indicated and

compared in Figure 1. Most works dealing with the EWF con-

cept were done at quasi-static loading conditions which are

mainly applied to the highly ductile materials, films, and thin

plates. On the other hand, a relatively small number of papers

at impact loading conditions using mostly thicker samples have

been published in recent years.31–41 The fracture energy data

revealed from standard Izod or Charpy impact tests are sum of

the any kind of energy which can be absorbed during test. In

some cases, EWF concept can be utilized as an effective method

for the determination of fracture toughness of ductile polymers

having sharp cracks deformed at high rates.33 Once the EWF

concept was extended to impact loading conditions, great atten-

tion was paid to this method due to its simplicity and useful in-

formation that was drawn out to understand fracture behavior

of polymers, polymer blends, and composites under high rate

of deformations.33 However, it has sometimes led to a non-criti-

cal use of EWF concept with respect to methodical precondi-

tions and requirements for the sample geometry.42 Unaffected

by the speed of loading or the shape and dimension of the sam-

ples, the most important preconditions for applying EWF con-

cept are (i) initiation of stable crack growth must occur after

the yielding of the full ligament, (ii) stable crack propagation,

and (iii) self-similarity of all load-displacement diagrams.42 The

method of previous researchers43 is somewhat similar to the

EWF method but was developed for semi-ductile materials at

which both stable and unstable crack propagation have been

observed. Visual inspection of the sample during the experi-

ments indicated that crack propagated before the completion of

the fully yielding of the ligament in this study and this means

that criterion was not satisfied. However, even in the presence

of dissatisfaction in yielding criterion of EWF, previous

researchers demonstrated applicability of EWF methodology

using a different notation.44 In this study, the fracture area is

not the total cross section of the sample but limited to crack

Figure 1. Schematic comparison of Izod impact and DDENT test sam-

ples. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2. Typical load-displacement curve of DDENT test in EWF con-

cept. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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initiation zone. A stress whitened area which is the fracture ini-

tiation zone was taken into account as a fracture area (A).

Work of fracture (Wf) means the energy consumed during the

whole fracture process and consists of EWF (We) and work of

propagation (Wp) as shown in Figure 2.

Work of fracture (Wf) means the energy consumed during the

whole fracture process and consists of EWF (We) and work of

propagation (Wp) as shown in eq. (1).

Wf ¼ We þWp (1)

We ¼ weA ¼ wetl (2)
Figure 4. A schematic example of typical slip-stick force-displacement

curve.

Figure 3. SEM micrographs of the composites notched impact samples at 20� magnification.
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Wp ¼ bwpAl ¼ bwptl
2 (3)

EWF (We) means the energy consumed to initiate fracture

which is the specific EWF (we) multiplied by fracture area (A)

as shown in eq. (2). Work of propagation (Wp) means the

energy consumed to propagate fracture which is specific work

of propagation (wp) multiplied by shape parameter (b), fracture
area (A), and ligament length (l) because it is related to the vol-

ume of fracture zone as shown in eq. (3). Specific work of frac-

ture (wf) is the work of fracture (Wf) divided by fracture area

(A ¼ tl, t: thickness). Multiple specific works of fracture (wf)

data points can be obtained at different ligament lengths (l) and

a linear regression line can be obtained as shown in eq. (4).

Specific work of fracture (wf) can be simplified as a linear func-

tion as shown in eq. (5). Specific EWF (we) is the y intercept

and specific work of propagation (wp) multiplied by shape pa-

rameter (b) is the slope of the regression line. Shape parameter

(b) is p/4 because the fracture zone is circular in this case26 as

shown in eq. (4). Finally, the specific EWF (we) and specific

work of propagation (wp) can be obtained and then the amount

of energy consumed during fracture initiation [specific EWF

(we)] and fracture propagation [specific work of propagation

(wp)] can be obtained as shown in eq. (6).

wf ¼ we þ bwpl; b ¼ p=4 (4)

y ¼ C þ ax (5)

we ¼ CðkJ=m2Þ; wp ¼ a=bðMJ=m3Þ (6)

RESULTS AND DISCUSSION

Morphological Characterization Using Scanning

Electron Microscopy

The fracture surfaces of the 3 wt % CNF, MFC, and MCC-filled

PP notched impact samples near the notch at 20� magnifica-

tion are shown in Figure 3(a,c,e), respectively. The SEM micro-

graphs clearly show the fracture surface at the notched tip

which is a smooth and straight line at the stress concentrating

point, which causes easy initiation and propagation of the crack

when impact occurs.17 This means that almost no energy was

consumed to initiate impact fracture at the pre-generated stress

concentrating point (notched tip). Figure 3(b,d,f) which show

fracture surfaces of the composites notched impact samples

away from the notch at 20� magnification, respectively. A slip-

stick behavior is observed18 in Figure 3(b,d,f). According to the

impact strength analysis study,19 it was found that the stress

whitening occurred at the impact point as well as over the frac-

ture initiation zone when the crack initiated and then propa-

gated from the end of fracture initiation zone to slip-stick

point.18 Beyond the slip-stick point, there is no impact resist-

ance and it is a brittle fracture zone. The smooth surface

beyond the slip-stick point indicates that the crack propagated

without resistance as shown in Figure 4 which means that the

whole fracture surface consisted of the fracture initiation zone,

fracture propagation zone, and brittle fracture zone. Usually

slip-stick behavior (also known as stick-slip behavior) can be

seen on PSA (pressure sensitive adhesives) tapes or plain surfa-

ces which experience a frictional force (such as moving a table

Figure 5. The slip-stick point in the notched and unnotched impact fracture samples. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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or chair across the floor). Once the strain sticks at a certain

point, the frictional force will be accumulated and when the

stress reaches the proportional limit, strain will extend suddenly

with no frictional force for a while. Beyond the slip-stick point,

there is no resistance or frictional force. A slip-stick behavior is

observed in both of notched and unnotched impact samples as

shown in Figure 5.

The fracture surfaces of the 3 wt % CNF, MFC, and MCC-filled

PP unnotched impact samples near the notch at 20� magnifica-

tion are shown in Figure 6(a,c,e), respectively. An irregularly

fractured notched tip is observed and this indicates that the

notched tip might not be a stress concentrating point, but can

be attributed to the fractured interfacial area between the rein-

forcement and matrix polymer because the impact fracture

Figure 6. SEM micrographs of the composites unnotched impact samples at 20� magnification.
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initiated from the opposite side and propagated to the

notched tip. Slip-stick point was also observed. Figure 6(b,d,f)

shows fracture surfaces of the composites unnotched impact

samples away from the notch where the fracture initiated at

20� magnifications, respectively. The unnotched sample shows

an uneven fracture surface, which is the fractured interfacial

area between the reinforcement and matrix polymer.17 Since

this is a fracture initiated zone, a very rough fracture surface

is observed.

The fracture surfaces of the 3 wt % CNF, MFC, and MCC-filled

PP notched impact samples near and away from the notch at

different magnifications are shown in Figures 7 and 8. A few

short fibers, which are less than 250 nm in diameter are

observed in Figure 8(a,b); a few MFC fiber bundles and individ-

ual fibrils less than 300 nm in diameter can be observed in

Figures 7(d) and 8(c,d); MCC particles are observed larger than

10 lm size range in Figure 7(e,f), but with the main component

being matrix polymer; Figure 8(e,f) show the reinforcement-

matrix debondings at the interface between MCC and PP ma-

trix which causes non-uniform stress transfer when the impact

loading is applied. SEM micrographs of individual CNF, MFC,

and MCC were shown together for comparison in previous

study.19 The fracture initiation zone near the notched tip in

notched impact samples as shown in Figure 7(a,c,e) represent a

rough fracture surface compared with the brittle propagation

zone away from the notched tip in notched impact samples as

shown in Figure 7(b,d,f) because the fracture initiated from the

notched tip and propagated to the other side.

Figure 7. SEM micrographs of the composites notched impact samples at 2000�.
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The fracture surfaces of the 3 wt % CNF, MFC, and MCC-filled

PP unnotched impact samples near and away from the notch

where the fracture was initiated at different magnifications are

shown in Figures 9 and 10. The fracture surfaces in Figure

9(a,c,e) appear to be smooth which is similar to notched frac-

ture surfaces away from the notched tip because the crack initi-

ated from the other side and only propagated to near the notch.

On the other hand, a rough fracture surface can be observed

since this is a fracture initiated zone as shown in the Figure

9(b,d,f) because of the crack initiated at the interface between

the reinforcement and matrix polymer.17 In the narrow range,

surfaces are all appear to be rough. But if we consider overall

altitude in the whole range of SEM pictures, Figure 9(b,d,f)

indicate more up and down, hill and valley shape than Figure

9(a,c,e). In Figures 9(e) and 10 (e), there are reinforcement-

matrix debondings between the MCC and PP matrix and this

caused non-uniform stress transfer and decreased impact

strength compared with the neat PP samples as indicated in an

impact strength analysis study.19 In Figures 9(f) and 10(f),

more severe cracks can be observed because away from the

notch is a fracture initiated region which means that cavitation

and debonding occurred at the interface between the reinforce-

ment and matrix polymer.45

Overall, the individual CNF fibers 50–300 nm in diameter and

MFC fibrils 50–500 nm in diameter which are smaller than

MCC particles 50 lm in average diameter have been observed

from the SEM micrographs in the impact fracture surfaces.

Generally, the individual MCC particles appear to be irregular

Figure 8. SEM micrographs of the composites notched impact samples at 12,000�.
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and larger than CNF and MFC in the SEM micrographs. This

means that the larger size-smaller interfacial area combination

leading to smaller energy dissipation at the interfacial area

between reinforcement and matrix polymer during the impact

fracture process. The reinforcement-matrix debondings nearby

larger MCC particles cause easy crack propagation between the

MCC and matrix polymer during impact fracture and also con-

tribute smaller energy dissipation at the interfacial area.

Essential Work of Fracture Analysis of Izod Impact

Test Results

Specific EWF (we) values of CNF-filled PP composites notched

impact tests were higher than those of MFC and MCC-filled PP

composites as shown in Table I. CNF was the most excellent

material among the others because the size of CNF is smallest

and the shape is short rod-like form leading to a largest interfa-

cial area which means that more energy is required to initiate

fracture when impact loading is applied. In particular, CNF and

MFC-filled composites look like without sacrificing its resistance

with addition of reinforcement to the neat PP, meanwhile

MCC-filled PP composites exhibit the lowest specific EWF (we)

values because the largest particle size and smaller interfacial

area leading to smaller energy dissipation at the interfacial area

and also the reinforcement-matrix debondings nearby larger

MCC particles cause easy crack propagation and contributes

smaller energy dissipation at the interfacial area during the frac-

ture process which is evidenced from the SEM investigations.

The larger impact strength can be referenced to lower diameter

Figure 9. SEM micrographs of the composites unnotched impact samples at 2000�.
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of reinforcement material. It affects the filler/matrix interaction,

whereby pull-outs appear more often with CNF and MFC than

with MCC. It is supposed that for this reason the overall path

length of initiated crack in CNF/MFC filled composites is being

enlarged compared with MCC filled composites which results

the large energy amount needed to break the sample.46 In filled

polymer composite system, the toughening is typically

explained by invoking the two major deformation mechanisms

of crazing and shear yielding of reinforcement material, but

cavitation and particle deformation also play an important

role.47 Reinforcement pull-out is also important toughening

mechanism46 as shown in Figure 1146–47 and it is the major

toughening mechanism of the CNF and MFC filled composites

in this study.

Figure 10. SEM micrographs of the composites unnotched impact samples at 12,000�.

Table I. Specific Essential Work of Fracture (we) Values of the Composites

by Notched Impact Test

Filler loading (wt %)

Specific essential work of frac-
ture (KJ/m2)

CNF MFC MCC

Neat PP 38.9 38.9 38.9

1 41.8 28.1 12.1

2 38.3 26.3 19.8

3 45.0 42.8 15.6

4 39.1 32.6 15.5

8 33.3 30.2 18.1
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The neat PP, CNF, and MFC composite samples present no spe-

cific work of propagation (wp) values as shown in Table II

which means that the fracture propagates easily once the impact

fracture is initiated. On the other hand, MCC filled PP compo-

sites present some resistance against the fracture propagation

while those samples present very low resistance during the frac-

ture initiation as shown in Table I which means that the larger

particle size of MCC than CNF and MFC leading to the non-

uniformity of reinforcement distribution in the matrix polymer

as well as the fracture initiation-propagation energy combina-

tion. In other words, the fracture process usually consists of

very hard initiation and easy propagation but easy initiation

and hard propagation in the case of MCC-filled PP composite

samples. Generally, the fracture was hard to initiate but easy to

propagate in the composite materials used in this study which

is consistent with the unique characteristics of the material and

Figure 11. A schematic of five different toughening mechanisms.46,47 [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table II. Specific Work of Propagation (wp) Values of the Composites by

Notched Impact Test

Filler loading (wt %)

Specific work of propagation
(MJ/m3)

CNF MFC MCC

Neat PP NR NR NR

1 NR NR 5.1

2 NR NR 1.8

3 NR NR 2.7

4 NR NR 4.0

8 NR NR 0.3

NR: No resistance, b (shape factor) ¼ p/4.

Figure 12. Case study of two different materials using EWF model.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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is in good agreement with the analysis result in an impact

strength analysis study.19

There are two possible scenarios comparing two different mate-

rials in terms of specific EWF and specific work of propagation

as shown in Figure 12. In Case 1, both specific EWF and spe-

cific work of propagation values of Material A are higher than

Material B, therefore Material A is recommended. Meanwhile in

Case 2, specific EWF value of Material A is lower than Material

B, but in terms of specific work of propagation value, Material

A is higher than Material B. This means that fracture initiated

relatively easily but once fracture is initiated, Material A is more

resistant than Material B against fracture propagation. It is hard

to initiate fracture in Material B but once fracture occurs, it is

less resistant against fracture propagation. Considering all the

possible end user applications, it is important for structural

designers or material manufacturers to understand the practical

implications of impact behavior depending on the specific

applications, and also, to determine proper materials to be

utilized.

CONCLUSIONS

1. This study presented SEM microscopy analysis of Izod

impact fracture surfaces. In an impact strength analysis

study,19 the unnotched Izod impact energies were consid-

erably larger than the notched Izod impact energies, and

this was attributed to the different fracture processes

involved in the notched and unnotched Izod impact sam-

ples. The SEM micrographs of the impact fracture surfaces

of the composites help to explain different fracture proc-

esses involved in the notched and unnotched Izod impact

tests. The fracture initiation zone represents rough fracture

surface while the fracture propagation zone and brittle

propagation zone represent smooth surfaces because the

fracture initiated at the interface between reinforcement

and matrix polymer and propagated along with the frac-

ture propagation.

2. From the SEM investigation, CNF fibers and MFC fibrils

are smaller than MCC particles even if the shape and as-

pect ratio are different which means that CNF and MFC

fillers generate larger interfacial area than MCC-filled

composites. Larger interfacial area leads larger energy dis-

sipation. The reinforcement-matrix debondings nearby

MCC particles cause easy crack propagation which con-

tributes smaller energy dissipation than CNF and MFC-

filled composites in the interfacial area. CNF is the best

one based on the EWF analysis result that the EWF values

obtained in the case of CNF-filled composites are higher

than others.

3. The EWF concept is usable to analyze Izod impact test

results because the EWF and specific work of propagation

combination looks in agreement with impact resistance

results and presents the same fracture behavior as the

impact strength analysis study.19 The visual inspection of

the samples in which fracture was restrained indicates that

crack propagated before complete ligament yielding which

means that the yielding criterion is not satisfied. Despite

the inconvenience in yielding criterion, EWF methodology

is successfully employed in the composites used in this

study.

4. As compared with the EWF values, work of propagation

values is very low. This result indicates that the composite

material is hard to initiate but easy to propagate the frac-

ture. The trend of EWF is similar to that of standard

notched Izod impact test. EWF concept by using Izod

impact results is useful to structural designers or material

manufacturers to consider end user applications and also

will be helpful to determine proper materials to be

utilized.
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